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INTRODUC'l'I ON 

I t  is a well known fact that the presence of mois ture exerts 

cons iderable influence on the di fficulty of ignition and the 

subsequent rate of combustion of fore s t  fuels . I ts effect on 

ignition is primari ly a result of the fact that the watcr mus t  be 

heated to the iloi ling Point and then vaporized be fore the fuel 

will reach its ignition temperature . I f  enough moisture is 

present the heat required may be qreater than that available in 

the firebrand , and ignition wi ll not occur . Once ignited , water 

must be continuous ly driven from adjacent fuels , if the fire is 

to spread . This absorbs some of the heat energy which is emitted 

by the fire and reduces the rate of combustion . I t  is also 

poss ible that the presence of moisture affects combustion due to 

the water vapor which surrounds the fuel and dilutes the 

avai lable oxygen . 

The correlation between f ire behavior and fuel mois ture is 

an important part of every fire danger rating system in use 

today. . In every system , measurements of certain factors which 

are presumed to influence fue l moisture are made . �hese are , in 

turn , corre lated with fire behavior to produce the desired index . 

There are as many methods for es timating fuel moisture as 

there are fire danger rating systems . These differences are the 

result of two problems . The firs t  i s  the difficulty of obtaining 

direct measurements of fue l mois ture in the field . �'he second is 

the fact that the factors which influence fuel mois ture , and the 

methods by which they work , are only partially understood . 
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In an effort to avoid the second problOJil, tho moi!:;ture 

content of some type of pre-calibrated indicator fuel (sticks, 

slats, duff baskets, etc.) is often measured. There are several 

advantages to this approach: 

1 - '1'11e indicator acts as an integrator of all the environmental 

factors. It is not necessary to understand the conplex 

mechanisf:l through which fuel moisture is controlled as the 

fuel sample provides a direct reading. 

2 - It is not necessary to have continuous readinqs - the actual 

moisture content is always available. Nithout the 

indicator, the previous day's noisture content must be 

kno\-Ill. 

3 - Because of their uniform exposure, it is possible to cOMpare 

fuel moisture at different localities. 

On the other hand, several problems present thenselves: 

1 - A fire danger rating system \-lhich depends on rleasurement of 

a fuel sample can be used on a current basis only. It is 

impossible to predict future fire danger because the 

indicator reading is valid only at the time at \'lhich it is 

measured. 'l'his argument also holds when evaporation is 

measured to give an indication of the drying potential of a 

day. Although the problems associated with the fuel have 

been eliminated, the system is still tied to current 

measurements. 

2 - All fuel samp ies are different. For this reason, every 

indicator used must be pre-calibrated so that its readings 

will correspond to those of any other sanple. 

3 - Pre-calibration involves oven-dryincy prior to use. Leroy 
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(1954) discussed problems involved with oven-drying fuel 

samples with respect to mois ture content : 

a)  Rapidly heating the material to a high temperature may 

induce changes in some of the component subs tances . 

When accompanied by boi ling water , this may permanently 

fix s ome of that water to the substance . 

b )  All water cannot be driven from a material regardless 

of the temperature used . An amount is retained in 

proportion to the bonding force even at temperatures at 

which many substances decompose .  

c )  Volati le substances are driven from wood at high 

temperatures. Their loss is difficult to separate from 

the loss of water , and may influence subsequent 

absorption of water .  

In addition t o  the problems mentioned b y  Leroy (1954) , others 

present themse lves: 

d )  Rapid heat.ing can cause surface cracks and checks in 

wood whi ch wi ll allow water to enter much more rapidly 

than i f  the surface was continuous . 

e) Rapid heating may cause case hardening of the sample , 

with the resultant uneven distribution of tension and 

compression s tresses . These may in turn affect 

moisture relationships . 

f )  High temperatures may affect the outer cuticle wax 

layer present on coniferous needles and hardwood 

leaves . Removal or alteration of these layers wi ll 

subsequently affect moisture gain and loss . 
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4 - As fuel samples are exposed to the environ�ent, weathering 

causes deterioration which necessitates frequent changes in 

order to insure accuracy o f  measurements. 

5 - Lastly, and perhaps most important, is the fact that the 

sample represents itself only. A sample of wood cannot be 

expected to behave as a layer of duff. Experimental 

evidence indicates that bare wood behaves quite differently 

from wood with a tight bark covering. Therefore, even if it 

were possible to solve all the previous proble�s, the 

possibility that the fuel moisture indicator might not 

represent the actual forest fuel could not be overlooked. 

In the past, and also in many systems today, it has 

generally been accepted that the ability of the indicator to act 

as an integrator of environmental conditions was sufficient 

advantage to warrant its use.. Presently, h�ever, it is becQming 

increasingly desirable to forecast fire danger for some period in 

the future. Interest is also being expressed in tying fire danger 

more closely to particular fuel types. It is for these reasons 

that, this study was undertaken. 

The purpose of this study is threefold: 

I - To determine which environmental factors influence fuel 

moisture. 

2 - To determine the extent o f  their influence. 

3 - To develop regression equations, where possible, to predict 

fuel moisture directly from meteorological observations. 

The factors which influence fuel moisture content changes 

vary, depending on whether the source of water is in a liquid or 

vapor form. For this reason the two types of sources will be 
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discussed separately . To further facilitate the inves tigation , 

fuels wi ll be divided into two broad c lasses : fas t reacting and 

s low reacting . These names are used because they refer to the 

rate of response to environmental change . The more conventional 

classes of fine and heavy fue ls imply size , although they are 

usually intended to refer to the rate of response .  I t  is hoped 

that thi s  inconsistency wi ll be e liminated by the use of the 

first terms . 

The present paper is the first of a series dealing with 

forest fuel mois ture . The ultimate purpose of the study is to 

provide regression equations for estimating forest fuel moisture 

directly from antecedent and current weather observations . This 

paper is concerned only with a discussion of some of the basic 

concepts involved in mois ture content variations . Subsequent 

papers in the series wi ll deal with actual experimental 

observations . 
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DASIC FUEL f.toISTURE CONCEPTS 

The mois ture content of dead p lant material is governed by 

two major groups of factors . The firs t group consi s ts of those 

meteorological factors which influence the gain or loss of water 

from a non-absorbing surface such as water or glas s . Atmospheric 

vapor pressure , temperature , ( from whi ch s aturation vapor 

pressure is obtained ) , water vapor transfer coefficient , 

precipitation , and the formation of de", are generally agreed to 

be the most influential of the various meteorological factors . 

The second group consi s ts of those f actors within the fuel 

which influences the total amount of moisture which the material 

can gain or lose , and the rate at whi ch this change can occur 

under the exis ting meteorologi cal conditions . Among the more 

important factors which are known to influence thi s  are : 

equilibrium moisture content, heat of desorption, specific heat, 

rate of diffusion , s i ze of the ma�erial , and numero�s species 

differences . 

The method by which each factor influences the mois ture 

content of dead plant material wi l l  now be discussed in detail .  

A.  l,qater Loss 

1. METEOROLOGICAL FACTORS 

Saturation vapor pressure is directly related to 

temperature . Therefore , as temperature increases , the aMount of 

water vapor that may be present in a particular space also 

increases . The temperature at the surface of the fuel depends on 
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several variab les , among which are : solar radiation reaching the 

surface , evaporation from the surface , amount of heat radiated 

from the surface , the last two of which are influenced by wind 

speed . The difference between the temperature measured in a 

s tandard instrument she lter and at the surface o f  the fuel mus t  

not be overlooked . 

The difference between the partial vapor pressure of air and 

the s aturation vapor pressure (vapor pressure deficit ) is a 

measure of the evaporation potential between the surface of the 

material and the atmosphere . As the vapor pressure deficit 

increases , the amount of water loss per uni t  length of time wi l l  

increase proportional ly ,  assuming that the other factors remain 

unchanged . 

The water vapor transfer coefficient is a function of the 

variables which influence the removal o f  the evaporated water 

molecules from the region immediate ly surrounding the surface of 

the material and thereby maintain a vapor pressure deficit. The 

transfer coeffici ent increases with increasing surface roughness 

and wind speed . 

While the factors which influence the rate of evaporation 

from a water surface , such as a pan , are fairly well known , the 

exact method by whi ch they operate i s  very comp lex . Several 

methods of determining the rate of evaporation were compared by 

Sellers (1965) .  The results of this comparis on can be seen in 

Table 1. 
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Month 

Jan. 
Feb. 

Mar. 

Apr. 

May 
June 
July 
Aug. 
Sep. 

Oct. 

Nov. 

Dec. 

Annual 

Table 1 Comparison of several methods for estimating potential 
evapotranspiration from short grass. From: Sellers (1965) 

Evapotrans- Evapora- Budyko- Blaney, Thornthwai te McIlroy 
piration tion Penman Criddle 
(grass) (pan) 

8.68 7.78 6.S6 4.91 4.47 7.57 

6.82 5.62 5.44 4.34 3.51 6.12 

4.81 4.21 3 .. 76 3.82 2.80 4.22 

3.35 2.94 2.76 3.24 2.04 3.16 
1.83 1.31 1.48 2.52 1.09 1.67 (All 
1.35 0.99 1.01 2.26 0.80 1.19 units 
1.39 0.93 1.17 2.25 0.74 1.34 in 
2.00 1.37 1.60 2.55 0.89 1.76 

3.02 2.30 2.64 3.02 1.50 2.88 mm/dq) 
4.61 4.07 4.00 3.64 2.09 4.28 

5.53 5.16 4.76 4.17 2.73 5.27 

7.41 5.99 5.99 4.62 3.47 6.56 

Tot�ls 1,543 1,296 1,260 1,257 793 1,398 

Of these methods , the equations proposed independently by 

Penman ( 19 5 6 )  and Budyko ( 19 5 6 ) appear to give the bes t  results . 

Budyko uses the energy balance equation for a land s urface: 

(1)  n. = u + LL + Co 

whe re R is the total incoming radiation , which is balanced by II -

the sensible heat1 the product of L the latent heat of 

vaporization , and B - evaporation1 and G - the heat abs orbed by 

the surface . 
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This is combined with the sensible heat equation: 

(2) 11 = p ·Cp·D1 . ('1' - T) 1 fl 

and the equation for determining the upward flux of water vapor: 

(3) 

Where: p 

Cp 

LE = 0.622·p·LDU·(eg - e) 

p 
= air density 

= specific heat of air at constant pressure 

= transfer coefficient of water vapor, and 

heat, respectively 

TS,T = surface and air temperature, respectively (Oe.) 

p = total pressure 

es,e = surface vapor pressure and air vapor 

pressure, respectively. 

The result of this combination is: 

(4) 

where: 

(5) 

R - G = 1\. (es - e) + n· (T - T) 
o 0 s 

1\ = 0.622·p·LD , and 
p 

\'lhile this equation gives the most accurate results, 

(Sellers, 1965) its use is cumbersome, and some of the variables, 

such as net radiation and transfer coefficient, are difficult to 

determine in the field. A simpler (but less accurate) method was 

proposed by 

(6) 

where: Er 
= 

Csat 
= 

Eagleman 

E = r 

(1967) using the 

0.035 ·esat JItlm 
maximum evapotranspiration 

saturation vapor pressure 

monthly temperature 
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lUlU = average monthly relative humidity deficit in 

per cent 

lie noted that the amount of water that a plant will 

transpire is roughly related to its vegetative state from green 

to cured. lIe then demonstrated a correlation between vegetative 

state and the average monthly temperature. lie then adjusted 

equation (2.6) by the vegetative cycle C where: 

(7 ) C = 0.20 + 0.133·Tm (for values of T between 300 and 

700F. ) 

where Tm is the mean monthly temperature. This equation appears 

to give better results than those of Thorn thwai te (1948)  or 

Blaney & Criddle (1962) which use the same number of variables. 

B. tiater Gain 

The two basic factors which cause an increase in the amount 

of water present on a non-absorbing surface, are rainfall and the 

formation of dew. Rainfall is the most important and also the 

easiest to work with. Its effect is direct - the amount of water 

added is equal to the amount of rain. 

Dew formation , on the other hand , is a complex function 

involving several variables. In order for dew to form , the leaves 

of grass (or surface litter) must cool to the dew point of the 

surrounding air. This 'will permit the partial condensation of 

water vapor escaping from the still warmer soil below. This , in 

turn , reduces the total flux of water vapor from the soil to the 

atmosphere by the amount of the condensation. Another effect is 

an increase in the surface temperature ,  which in turn restricts 

further condensation. f10nteith (1957) indicates that this-

period, llurincJ \'lhic;h there is i\ delicate heat balance on the 
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surface, is « tr.ansition perinu Hhich never lasted for more than 

all hour <.lurinl[ Iii::; inventiqatiol1n. 

lIe then gives evidence to shOtT that the formation of de", is 

the summation of two separate sources of condensation . He calls 

them disti llation (upward movement from warmer soil) and dewfall 

( downward movement from the atmosphere). lIe believes that wind 

speed is the main factor which determines the relative importance 

of each of these on a given nigh t .  "1ithout wind there wil l  be 

very little turbulent transfer of water vapor downward from the 

atmosphere. On the other hand , distillation wi ll continue , 

essentially independent of wind speed . lie proposes two e quations 

by which disti llation and dewfall can be e s timated . They are: 

(8) 

where: D 

K v 

Ts 

T 

t��) s 
and 

( 9) 

where: F 

K 

z 

D ::: l�v' ( T  s - T)· (ax ' a't") s 

::: rate o f  dis ti llation in mg/cm2/hr 

::: diffusion coefficient ( as suming K ::: 0. 2 4  cJ/sec) 

::: mean surface temperature (OC) 

::: air temperature at 1 cm. (OC) 

= rate of change of s aturated abs olute humidity at T =Ts+T 
2 

F = K 2. Z 2  • (au/az).(ax/az) 
1 + aRi 

= eddy f lux o f  water vapor from the atmosphere. 

= von Karman's cons tant = 0 . 4 

::: height of wind measurement 

a = a constant ( assumed = 1 0 )  

Ri = Richardson's number or s tabi lity parameter 

(au/az) = wind gradient at height z 
(ax/az) ::: absolute humidity gradient at height z 
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and 

(10 )  
Ri (z) = 3.5·(a�/az)/(au/az)2 

Using these equations t-tonteith ( 1957) calculated what the 

disti llation and dew fa11 should have been during a number of 

periods and compared these with actual observations . Ue found 

that he was able to predict dewfa11 to wi�lin +30%, and also 

the general magnitude of dist i l lation . lie attributed the 

discrepancies to the difficulty of obtainin�J accurate 

measurements , and a possible incomplete knowledge of all the 

factors which influence dew formation. In general , he found that 

distillation of water vapor from the soil varied from 1 to 2 

mg/cm 2/hr on calm nights . Dewfa11 , on the other hand , was 

neg ligible when the wind at 2 m was less than 0.5 m/sec¥ but 

reached 3 - 4 mg/cm2/hr with s tronger winds . Total dewfa11 for 

one night was as high as 13 mg/cm2 , which is equivalent to about 

0 . 00 5 inches of rain . \�hether the effect of de"l i s  the s ame as 

an equivalent amount of rain or greater , due to its extended 

duration , remains to be determined from experimental data . 

2 .  INTERNAL FACTORS 

I f  it were possible to accurately detenline the effect of 

the various meteorological factors , we would s ti l l  not have the 

fue l moisture content problem s olved. There are numerous 

internal factors within the fuel which govern the aHount of 

mois ture· which it can 

meteorological conditions . 

A. Heat of Desorption 

absorb or lose under specific 

As the moisture content of a piece of wood is lowered the 

holding forces become s tronge r ,  and the enerqy necess ary to 

y About 1 mf,te/hlt. 
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decrease the moisture content by a proportional maount becomes 

correspondingly greater. This increase , called the differential 

heat of desorption was computed on a theoretical basis by Byram 

et ale (1952) using the formula: 

0.1) [au (ttl] - - lL[a �1.n fl] 
l aM T m a l�) ] T 

where: 11 (t.1) represents the amount of heat necessary to release 

all water from one gram of wood initially at n�isture content M 

and absolute temperature T. R is the gas constant , m the 

molecular weight of water , and f the relative humidity. The 

computed results are plotted for various constant tmdperatures in 

Figure 1 .  

Pigure 1 Diffel'tmtiat Heat of Desopption 

o CIS 10 1\5 20 215 30 
MOISTURE CONTENT (PERCENT 0 .. DRY WEICSHT) 

3\5 

Prom: ByZ'Q1ll� et at (1962) � Thermat Propwties 
of Po:rest Puets 
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The heat of desorption , or tota l amount of heat needed to 

remove all water from one gram of \-lOod at a constant temperature ,  

'-las then computed on a theoretical basis usinrr the relationship: 

(12) 
'1 

11 (II) � = ( ' [au (1)] ·d:l 
.J 0 L a(1 '1' 

The heat of desorption can therefore be dete rmined for a specific 

temperature T by measuring the area under the corres ponding curve 

in Fig. (1) between r1 = 0 and H = r1. Heats of desorption 

computed in this manner are shm·m in Fig. (2) . 

2 Heat of Desorption 

30 

2O'C 

o o 
�25 
> 
It: 
o 
�2O 
.J 
et 
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z 
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w 
0 
II. 
0 

I­
et 
w 
I: 

15 

10 

II 5 

i I 

00 ·C 

100 'C 

100 'C 

o 5 ro ffi 20 25 30 

MOISTURE CONTENT (PERCENT OF DRY WEIGHT) 

From: Byram, et al (1962), Theromal Propel"ties 
of Forest Fue ls 

36 



B. Specific Heat 

Specific heat is defined as the amount of heat required to 

raise the temperature of a unit mass of a substance a unit 

amount. It is generally expressed either as cal/gm. or 

B.T.U./lb. The specific heat of a wood-water system is 

considerably greater than the sum of the heat capacities of the 

individual sUbstances ( Byram, 1952) . This increase is believed 

to be. related in a complex manner to the forces which bind the 

water to the wood. The specific heat of the entire system Cp can 

be determined by the equation: 

a3) Cp - Cf + MCw + A Cp 

wherelCf - specific heat of wood 

HCw - moisture content of wood 

ACp = elevation of Cp due to the bonding forces. 

Elevation of the specific heat A Cp due to the bonding forces 

is given by Byram �!!. (2) as: 

Since II (M) 

positive and 

ACp - - [a II (ull 
[aT JM 

decreases with increasing temperature ;r an (M)l is [ aT ]H 
the specific heat of the system will be increased by 

A Cp . Values for ACp were computed for temperatures of 45°C . ,  

80°C., and 140°C., from equation a4) and are shown as solid 

lines in Figure (3). Actual meaSUrements of Stitt and Kennedy 

(1945) for dehydrated potatoes are shown as plotted points for 

comparison . 
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Fi(JU1"e 3 Increase in specific heat due to bonding 
forces. 

0.14 

OEHVOftATI!O POTATO 27 TO , ,0 , , , 
ee ·C. (STITT a. KI!NNI'!OV) 

I I 
, l 

I I I I 
,0 

, I IIJ 
/� 

140 'C 

SOLID LINI!S Altl! THllOItI!TICAL 

CURVI!S I'OIt WOOD AT THE 

SPECII'II!O TI!MfII!ItATUItI!. 

0.00 I00..I ___ --'-__ -'-__ -'--_--' __ ...... __ _"__---' 
o e 10 • ., _ :10 -

MO"TUItI! CONTI!NT (PEItCENT 0" Oftv WI!IeHT ) 

From: Byram,,!! gl (1968)" Thermal. Properties 
of Forest Fusts. 

C .  Equilibrium Moisture Content 

All wood fibers contain moisture . A piece of wood which i s  

initially s aturated contains both free water and bound water . As 

long as the vapor pressure of the water in the wood exceeds that 

of the atmosphere , water wil l  continue to e scape . Eventually , a 

point wil l  be reached where a certain amount of water is held in 

by a combination of capil lary action in the minute openings of 

the cell walls and secondary valence bonds which link the water 

to the cel lulose molecules . This is known as bound water. As a 

result of these bonding forces , the vapor pressure of the water 
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is lowered and the boi ling point raised . The net result is that 

the vaporization of bound water requires more heat than does an 

equal amount of free water . 

l'1hen the vapor pressure of the water in the wood equals that 

of the atmosphere , the system is s aid to be at the equi librium 

moisture content . The amount of water that a specific volume or 

weight of wood can hold at the E.M.C. is governed priMari ly by 

the re lative humidity of the surrounding atmosphere . I t  should 

be noted that the E.M.C. for absorptive conditions is lower than 

the E.H.C. for desorptive conditions . This is known as sorption 

hys teresis . Several theories o f  the reason for this have been 

advanced , one of which may be explained wi th the aid of Fig . 4 

which represents an enlarged view of a tiny cavity in a piece o f  

wood . \�hen the wood is adsorbing mois ture (A. ) , a combination of 

adhesion between the water and the surface of the wood , and 

surface tension of the water combine to bridge the narrow gap , 

leaving the larger cavity empty . The forces maintaining this 

bridqe are sufficient to balance the adsorption forces within the 

wood and maintain a lower moisture content . When desorption is 

taking place , the same mechanism allows water to be held in the 

cavity (B.) . The forces at the opening offset the evaporative 

potential and maintain .a higher equilibrium moisture content . 

S tamm (1964) gives a detailed exp lanation of several other 

theories which attempt to explain s orption hys teresis . 

Figure 5 shows the E.li.C. as a function of relative 

humidity . Temperature also influences the E.M.C., but to a much 

lesser degree . The re lationship between the three is shown in 

Figure 6 .  
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Figure 4 Diagram of a theoreticaZ expZanation for sorption 
hysteresis 

A. ADSORPTION B. DESORPTION 

Figure 5 EquiZibrium moisture content as a 
function of reZative humidity 
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Figure 6 Equi Ubruim moisture oontent as a function of 
temperature and �elative humidity (data taken f�om Canadian 
Woods pp 136-137 

30 

RELATIVE HUMIDITV (PERCENT) 

Using values published by Millett (19 5 1 )  and the U.S.F.S. 

Forest Products Laboratory (19 55 ) , regression equations (a. and 

b. respectively) were derived for calculating the average E.M.C. 

of wood. 

For R . II .  less than 10%: 

(15 a) E.M.C. = . 00 39 83 + 4 . 5 4 5 3 1  (LOG RH) - . 01 8 9 5 8  T 

(15 b) E.M.C. = . 0 32 29 + . 2 8 10 7 3  rul - . 00 0 5 7 8  T 

where E.M.C. = equilibrium moisture content (% of dry weight) 

R . H .  = relative humidity in per cent 

T. = temperature ( OF.) 

For R . H .  between 1 1% and 5 0%: 

(16 a) E.M.C. = 3 . 63 9 5 4  + . 157206 ruI - . 02 9 4 7 8  T 

(16 b)  E.M.C. = 2 . 2274 9  + . 160107 rul - . 0 1 4 7 8 4  T 
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and for R.U. greater than 5 0 % : 

(17 a )  E.M.C. = 28 .27 7 1  + . 00 7 4 93 .  RH 

.6 98 0 6  RH 

(17 b )  E.M.C. = 21 .0 6 0 6  + .00 55 65 RI} 

. 4 8 3 1 99 RH 

.00 0 5 3 2 (RU T )  

. 00 0 3 50 5  (RII T )  

Further information concerning these equations and their 

derivation can be found in Appendix I. 

Figure 7 compares calculated values for E.H.C. with those 

obtained from the tab les . Both visual and s tatis tical inspec tion 

indicate that these equations can be used with considerab le 

confidence to calculate the average equilibrium moisture content 

of wood . 

Figure 

30 

7 Comparison of the use of equations and tabLes to 
determine equiLibrium moisture content. 

A O.t. from U.S.F.e. Wood HandbOOk (1get5) 

10 20 30 40 150 150 70 80 90 100 
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D .  Mois ture Transport Through the F.uel 

The factors which govern the transport of mois ture through a 

fue l  are , at bes t ,  only partial ly understood . I t  rtlay be 

temperature gradient , or vapor pressure gradient , or the actual 

mois ture content gradient . On the other hand it is also 

influenced by mechanical factors such as capil lary flow , gravity , 

and shrinkage , or swelling which induce mechanical pressure 

gradients . Mos t  likely , it is a complex function of all of these 

factors , and possibly more . I t  i s  possible that transport of 

moisture through the fuel may be brought about by both molecular 

di ffusion of water vapor , and viscous f low of water in the liquid 

s tate . The proces s  may involve a lternate phases of vapor and 

liquid transfer , with condensation and evaporation phases 

intervening .y 
Mos t  investigators have used the term diffusion to denote 

the transport of water through, a s ubstance . For s implicity ,  the 

s ame convention is fol lowed throughout this pape r .  For the 

purpose of this paper , diffusion is defined as the movement of 

moisture through a subs tance . This should not be interpreted as 

being necessarily limited to molecular diffusion of water vapor . 

Linton (19 62)  found that the variation in diffusion 

coefficient was as high as' 7:1 due to temperature variations , 3: 1 

with moisture content variations , and 2: 1 with oven drying . The 

total range in the variabi lity between the various s amples tes ted 

was about 3 orders of magnitude . Further , with complex fuel 

arrangements , such as litter , the rate of diffusion through the 

internal air spaces must also be considered . 

Y P. R. Dalh Dept. Soils and plant Nutrition., UniversitJ/ of California., 
Berkeley., Personal Communioation., 1968. 
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Another prcbl_ i. t:ha� diffu.ion f. a par�icular fuel does 

not seem to be consi:ant even under apparently uniform 

environmental condition.. Bxperi_nbl evidence indicates. that 

the rate of drying i. fJreater than that of wetti�. In the field 

this might be explaiMd bf r ___ ing that telnpera�ure. tend to be 

cooler when wetting occur •• The .... re.ul� appear to hold 

true, however, when c:ona�ant con4itions are _intained in the 

laboratory. Thi. lead. u. to a con.ideration of the basic 

factors which drive the diffusion process. 

In drying, diffusion i. beinfJ influenced by the moisture and 

vapor pressure gradieat:a which evapora�ion creates at the 

surface. OUing tile ��la9 ..... , abtIOJ:pUve forces within the 

fuel would be re.ponsible for UMt· gradieD�. . In UMt .pecial case 

of a fuel c:ovarecl with a .urface filla of water, .,i.�ure content 

gradient alone .. y be the driving factor 'especially if the fuel 

is above the fiber .a�uratiOD point). Prall thi., i � would ._ 

logical to ... UNa that .ince these proCes.e. no doubt create 

different gradient. with differen� potentials, the final result -

diffusion - should be different. 

The structural characteristics of the fuel affects diffusion 

in several waysl 

(1) Spring and su.ner woodl Reas (1938) found that the rate of 

diffusion decreasect vith increasing density, therefore the 

diffusion coefficien� in spring vood should be greater than 

denser sUlllRer wood. 

(2) Bark on wigal aeifsnyc1er (1967) f.ound that moisture 

diffusivity in . bark va one-quarter to one-eighth that of 

wood. 

-22-



( 3 )  The presence of cuticle wax on the surface of some materials 

will reduce the rate of diffusion into the fuel. 

( 4 )  Structure of wood: the ratio of diffusion parallel to the 

grain to across the grain has been measured as high as 26 : 1  

and 13 : 1  for pine at 1 0  and 20 % moisture content 

respectively (I<uebler ( 19 57» • Pidgeon and Maass ( 19 3 0 )  

found a ratio of 20 : 1  for both heartwood and sapwood of 

white spruce. Yokota and Goto ( 19 6 3 )  found ratios as high 

as 10 : 1  and 21 : 1  for diffusion in the longitudinal direction 

relative to the radial and tangential directions for Nara­

wood, when approaching a low E.H.C .  value ( 4 . 5 % )  from zero. 

Uhen approaching a high value ( 24% ) , the ratios \'1ere reduced 

to less than 2: 1 .  This indicates that the factors \llhich 

drive diffusion at higher moisture conditions are not 

greatly hindered by wood structure and therefore must be 

different from the factors which play an influential role at 

low moisture conditions. Lastly, the presence of rays may 

speed diffusion into wood. 

( 5 )  Sapwood and 

reported to 

heartwood: 

be twice 

Diffusion in sapwood has been 

that in heartwood (I,uebler ( 19 57» . 

Pidgeon and Haass ( 19 3 0 )  found the same ratio in a radial 

direction, and for white spruce as much as a 7 magnitude 

difference in the longitudinal direction. 

( 6 )  Swelling of the material: As moisture is absorbed the 

material swells, causing a corresponding change in 

dimensions, moisture content, and diffusion coefficients. 

(7 ) Byram ( 1 96 3 )  found that moisture diffusion in wood varies 

inversely with the square of the half thickness of the 
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material (r) , for all but the thinnest s amples "There i t  

appears to b e  more c losely re lated t o  the firs t  power o f  r .  

( 8 ) The effect of bonding forces at low �ois ture contents on the 

rate of di ffusion should not be overlooked . These forces 

should tend to speed diffusion when water is being gained , 

and reduce it when i t  is being los t .  

( 9 )  Volume to surface ratio - in fuels wi th a large volume to 

surface ratio ( logs , heavy duff ) the rate of evaporation 

would serve mainly to affect the temperature and mois ture 

gradients at the surface , and thereby indirectly influence 

the rate of diffusion . On the other hand , in fuels with a 

small volume to surface area ( twigs , surface l i tter) , 

diffusion would cease to be limiting owing to the sma l l  

dis tances t o  be travelled b y  the water and the rate of 

evaporati on would become an increasingly important factor. 

Therefore , it can be seen that the drying rate of a 

particular fuel would depend on both diffusion and 

evaporation . The relative importance of each would in turn 

be dependent on the volume to surface ratio of that fue l .  

I t  can be seen from the foregoing discussion that diffusi on 

in itself is a complex variable which is not well understood . As 

was the case with evaporation and dew formation , more "lork needs 

to be done before it can be adequately defined . 

E .  Species Differences 

Mos t published E . M. C .  tables list only average values for 

wood . I t  has been found by several investi9ators that different 

types of fue l , and even di fferent species of the s ame fuel type , 

have different E . M . C .  curves . This is believed to be caused by 
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the minute differences in chemical composition and anatomical 

construction of the various species. Figures 2. B and 2. 9  compare 

some different fuel types and species of wood. It can be seen 

that in order to accurately predict the moisture content of a 

specific forest fuel the differences between the various types 

and species cannot be overlooked. A survey of the literature, 

however, has failed to disclose data for more than a very limited 

number of species. 

Figure 8 CompaPison of the moisture content of selected species of lumber. 
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Figure 9 Compar'i80n of the moi8ture content8 
of 8elected fuel type8 
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F. Increase in Moisture content 

When dealing with mois ture movements above the fiber 

saturation point , we are concerned primarily with liquid water. 

The methods by which liquid water comes in contact with the fuel 

have already been discussed. Once the fuel is wet , it matters 

not whether it is 'through dew formation or rainfall , or snow 

melt, (except that environmental conditions naturally vary under 

each of these methods of wetting) . 
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Initially , the forces of adhesion between the water and the 

individual piece of fue l  form a surface film of water . Through 

di ffusion , the water then begins to be absorbed by the fue l .  I f  

the water i s  applied at a rate faster than the fue l can absorb 

i t ,  the surface fi lm begins to f orm drops . 'then surface tension 

can no longer hold the drop, gravity begins to pul l  i t  downward. 

This is offset in oomplex litter layers by the proximity of 

several individual fuel components which in oombination oan hold 

a oonsiderable number of large drops . This wi l l  be oalled 

s tructural water as opposed to surfaoe water of the individual 

oomponent . Finally, when the water is in exoess of all that whi ch 

can be held against the pull o f  gravity , it begins to percolate 

downward through the l itter. I f  water is applied at a rate 

greater than that at which it can be absorbed by the entire lay�r 

of litter , it wi l l  simply reach the ground and not be absorbed at 

all .  From another point of view, as the rate o f  applioation 

decreases , the ef£ioiency of retention inoreases sinoe less water 

peroolates through the litter to the ground. 

The water wil l  be absorbed by the fuel at a particular rate 

of diffusion (other environmental conditions remaining equal ) , 

regardless of the rate of application . This is beoause only the 

surface film of water p lays an active part in diffusion . 

Therefore , the total amount of water absorbed by an individual 

component (needle, twig , etc . ) or a l ayer of litter is governed 

by the length of time that the surface f i lm is present and the 

diffusion potential, (assuming that the rate of applioation 

exceeds that of diffusion) . The surface f i lm lasts as long as 

water is being applied plus the length of time needed to 

-27 -



evaporate i t .  The difference between an individual component and 

a complex litter layer is due primari ly to the length of time 

that the surface film of wate r  is retained . Due to the reduced 

evaporative potential of the atmosphere in the lower layers , the 

surface film wi ll remain for longer periods of time and water 

wil l  continue to be absorbed by that layer despite the f act that 

the upper layer may be losing water . 

G. Time-Lag Constant 

The concept of time- lag constant is gaining acceptance as an 

empiri cal method of measuring the combined e f fects of fuel size 

and exposure . This concept defines fuels according to the time 

required to lose 63% o f  the moisture whi ch would be lost i f  left 

for a sufficient length of time to reach the E . M . C .  Therefore , a 

particular layer of duff would have the s ame time-lag constant as 

a certain size branch, if both lost water at the same rate . 

lihi le time- lag constant is a useful method for describing 

the loss of water by various fue ls, difficulties arise when using 

it to describe an increase in mois ture content above the E . M . c .lI 
The wetting which takes p lace during a rain or in -the presence of 

dew is governed by a number of factors in addition to size and 

exposure . These factors include: initial moisture content , 

duration of precipitation or dew , and mechanical arrangement of 

the fuel . A material whi ch is initi ally dry may have some 

difficulty in absorbing moisture at firs t .  This effect i s  

governed primari ly by the surface tension o f  the water drop . The 

presence of moisture in the fuel wi l l  speed up the initial 

adsorption of water . The abi lity of different types of fuels 

( logs vs . litter layer )  to retain water varies considerably with 

Y c. E. Van Wagner" Pe� Forest E:x:periment Station" Personal Communioation� 
1967. - 23-



their structure . Most of the applied rain wi ll run off a log , 

except for small pools and the surface film. This is in 

contrast to a litter layer whi ch can retain much of what is 

applied if the rate of application is not excessive . 

These weaknesses in the time-lag constant concept must be 

considered prior to its use for defining the behaviour of the 

mois ture content of forest fuels. I f  only drying is considered 

important , time-lag constant i s  probably the best method 

available today . In the case of wetting , other restrictions such 

as fuel type and initial moisture content must be added to make 

the constant representative of a p articular fuel . 

3 .  THEORETICAL FUEL MOISTURE CONTENT MODEL 

A .  Below the Fiber Saturation Point 

Linton (196 2 )  presents a discussion on the possibility of 

using diffusion theory to explain variations in mois ture content 

in fuel substances found in a forest. He considers two types of 

climatic variations , and i s  concerned with variations below the 

fiber s aturation point (in the absence of rain). The first 

variation is that which would be associated with the passage of a 

frontal system. He assumes i t  to be of an exponential rather than 

stepwise (instantaneous ) nature . In addition to this , he 

considers diurnal climatic variations , which he approximates with 

a
' 

sinusoidal function . Figure 10 is a graphical representation 

of these two climatic functions operating togethe r .  He gives an 

equation for the approximate prediction of moisture content from 

the functions described in Fig. 10: 

(1 8 )  
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Where : md = actual mois ture content of fuel sample changes 

me = exponential climatic change 

x == time of initiation of me 

rna == diurnal fluctuation of average moisture content about 

average ml 

mc == diurnal f luctuation of average moisture content about 

average mIl 

rob == response of fue l to change me 

Basically , this equation calculates the moisture response as the 

difference between the response to the exponential change and the 

sinusoidal variation about the initial and final mean values . 

The magnitude o f  the diurnal fluctuations o f  the average 

mois ture content of a fuel s ample are given by: 

( 1 9 )  

Where:<! 

c = Co + Cs·A·8in(oot +�) 

== average moisture content (between the maximum 

fluotuation at the surface and the minimum in the 

oenter) 

X == amplitude of sinusoidal average moisture content 

fluctuation 

Co'Cs == average moisture content (about whi ch C f luctuates ) ,  

surface moisture content at time t (gm/c�) 

t == time of measurement (sec . ) 

� == phase lag (in radians ) 

00 == 2'W'T == angular velocity (radians/sec . )  

T == period o f  a sinusoidal cycle (sec . )  

He then goes on to define � and. as oomplex s inusoidal 

functionJlof a dimensionless diffusion coefficient kl where: 

(20 ) 

Y See Appendiz II. 

Kl = (00/20 )  -1/2 
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and: 0 III di ffusion coefficient for the material (em;sec . ) 

1 III half thi ckness of s lab i n  diffusion direction (em) 

This as sumes that the diffusion coefficient varies inversely as 

the square root of the thickness of the s l ab • .  Basically , this 

series of equations calculates the average mois ture content as 

the mean about which the actual mois ture content varies plus a 

fraction of the surface variation , based on the size and 

diffusion coefficient of the material . 

The "time lag" (difference between the time required for the 

climatic change (or change in surface moisture oontent) and time 

required 

the total 

( 21) 

Where: Ai 

tei 

for the entire fuel to respond by a given fraction of 

change ) is given as: 

Ai III A - (te i  - tci ) 

III time lag (sec . ) 

- time corresponding to a given fraction i of the 

ultimate change in moisture content of the entire 

fuel s ample in response to an exponential change 

(sec .  ) 

tci = time for surface moisture (or c l imate) to change by a 

fraction i of the ultimate change in an 

exponential manner . 

Calculation of t ei and t ci is through the use of several complex 

exponential function� involving among other things the values of 

o and 1 .  

An attempt to test a modification o f  this theory with some 

experimental evidence proved moderately successful . He lists a 

number of reasons which may account f or some o f  the difficulties. 

Y See Appendi:x: II_ 
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1 - Experimental error 

2 - OVen drying the s amples 

3 - S implifying assumptions , 

a .  s imple shape of material (slab or cyl inde r )  

b .  uni form s tructure and composition 

c .  that the transfer i s  directly proportional to 

moisture content gradient. This may not be 

entirely valid because we are dealing wi th both 

liquid water and water vapor 

d .  a constant diffusion coefficient . 

4 - Simultaneous diffusion of heat and moisture must take 

place . 

S - Sorption hys terisis under equilibrium condition must 

also be considered . 

6 - The approximation of climatic changes with exponential 

and sinusoidal functions is an ideal solution. In 

fact , the weather exhibits practically an infinite 

number of ways of changing. 

B .  Above the Fiber S aturation Point 

With respect to the movement of l iquid water some 

s implifying assumptions mus t  be made. They are : 

1 - Loss of water wil l  follow an exponenti al pattern. 

2 - A constant rate of application of water. 

3 - There is no delay in the perool ation of excess water 

through the fuel complex .  (i . e .  when rain s tops., only 

surface and structural water remains ) .  
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4 - The rate of dif fus ion of water through the fue l and 

evaporative potenti al o f  the atmosphere can be 

quantitatively de fine d .  

5 - Environmental conditions remain unchanged ( other than 

the normal s inusoidal variation) during the application 

of water and subsequent drying. 

6 - l'later wi ll continue to be lost regardless of the 

diurnal cycle unti l the fiber s aturation point is 

reached , although the rate of loss may vary . In the 

absence of additi onal liquid water , the mois ture 

content wil l  not rise until a minimum is reached which 

will be below the fiber s aturation point , ( and also 

below the E . M . C .  which would exist under the prevail ing 

environmental condition) . 

I f  the rate of rainfall is less than the rate at which water 

can diffuse into the fue l , the amount absorbed (Dt) can be simply 

defined as fol lows: 

(2 2 )  

l'lhere : = total di ffusion into the fue l complex 

Tl'l a = total water applied to the fuel cor.tplex 

I f ,  on the other hand , the rate of application exceeds the 

maximum poss ible rate of di ffusion , a far more complicated 

picture presents itself . Referring to Fig . 2 . 11 ,  we see a 

sinusoidal cycle being interrupted by a rain . The following 

re lationships are apparent : ( al l  units in the following series of 

equations should be consistent) . 

( 2 3 )  TH r = T\'l - UP s ' and 
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where : Tl'\- =. total water retained by the fuel complex 

WPs = amount of water percolated through the fue l 

complex 

R� = rate of water application 

T = duration of rainfall 

The amount retained can be further defined aS I 

( 25 )  

where : 

( 26 )  

where : 

Las tly , 

by : 

( 2 8 )  

A t2 = amount of water absorbed by the fuel at time t 2  

sw = surface water 

\'J 8 = s tructural water 

st'l = ( ad + ST",> - g , and ( 2 7 )  

ad = force of adhesion between the 

fuel surface 

STw = surface tension of water 

g = force of gravity 

1I ad = additional adhesion forces 

proximity of several individual 

the amount of water absorbed when rain 

where : D 
ra 

l'lS = A ad - q 

water l ayer and 

created by the 

fuel components 

s tops A t2 is given 

where : Dra , Drm = actual and maximum rate of diffusion through the 

fue l 
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It1Cr = reduction of rate of diffusion due to low 

initial moisture content 

Of greater importance is the total amount of water absorbed 

o t as a result of the rain . Looking at the inset in Fig .  2 . 11 ,  

we can s tudy the behavior of the Mois ture content imr:lodiately 

after the rain stops . t-Ie note that: 

(29 )  

where: t 

0t == 0 • (T - t )  ra 

== time interval after the rain s tops during whi ch 

surface water remains on the fue l  

The interval t can b e  determined a s  f ollotlS: 

( 30 )  

where: 

and since: 

( 31) 

E == E - C a m 

== actual rate of evaporation 

.. maximum possible rate of evaporation 

(evaporative potential) 

c == time lag constant for the fuel in question 

01 == SU + \1 , or s ( 32) 01 == (0 • t) - (E • t )  ra a 

where: == diffusi on lag between the water available and 

that absorbed (note that I1z i s  a l\-lays negative ) 

rearranging ( 2. 32) we get: 

01 

(3 3 )  t == 01 
Ora - :Ca 
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It should be noted that as long as the rate of rainfal l  

exceeds the rate of diffusion , the amount which fal ls has no 

direct bearing on the amount absorbed . Rather it is the duration 

of surface water which influences the total absorption (Ot) . The 

duration , and to a lesser extent , the amount of rain affect the 

duration of surface water , and thus indirectly influence total 

absorption . 

When the point Dt is reached , water will be lost in a manner 

similar to that described by Linton with certain exceptions . 

1 - The rate of loss may not be the same as for water 

vapor . 

2 - The mean of the sinusoidal cycle will gradually 

decrease after water is no longer being applied . This 

is because humidities normally gradually become lOWer , 

as the time since rain stopped increases . This is of 

minor importance with respect to dew .  

This is intended only as a basic summary of a theoretical 

discussion of moisture content changes above the fiber saturation 

point . Any further elaboration wou ld require an effort far 

beyond the scope of this paper . 

In reviewing a possible theoretical approach , it can be seen 

at once that a large portion of the theory consists of 

assumptions and unknowns . Determination of each of the 

individual components of the model are maj or research projects in 

themselves . The problem is so complex that it is very doubtful 

that a purely theoretical approach will be able to provide the 

answer to the fuel moisture content problem without a great deal 

of additional research . I t  is for this reason that an empirical 
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approach wil l be used in this study . Attempts will be made to 

explain some of' the results obtained on the basis of the theory 

previously discussed . The more complex re lationship will simply 

be stated as obse rvations under given conditions . While this 

wi ll leave many questions unanswered , it wi ll , it is hoped , 

provide , some relationships which wil l  prove to be useful for the 

purpose of estimating the moisture content of forest fuels . . 

- 3 9-



REFERENCES 

1 .  Blaney , II . F .  and W . D .  Criddle . 1 9 6 2 .  Determining 

2 .  Budyko , 

consumptive use of irrigation water requirements . 
Tech . Bul l .  1 2 7 5 .  U . S . D . A . , . Washington . 

M . I . ' 1 9 5 6 . The heat balance 
(Eng lish trans l :  S tepanova , 

Technical Service s , U . S .  
Washington . 

of the e arth ' s surface 
N . A . , 1 9 5 8 ) , Office of 
Dept . of  Commerce , 

3 .  Byram , G . M .  19 6 3 .  An analysis of the drying process in 
fores t materi al . Paper presented at 1 9 6 3  
International Symposium on Humidity and Mois ture , 
Washi ngton , D . C .  May 2 0- 2 3 .  

4 .  Byram , � a l e  1 9 5 2 . Thermal properties o f  forest fue ls . 
U . S .  For . Serv . , Div.  of Fire Research , Armed 
Forces Special Weapons Proj ect , AFSNP - 4 0 4 .  

5 .  Eagleman , J . R .  1 9 6 7 .  Pan 
evapotranspiration . 
pp . 4 8 2- 4 8 8 . 

evaporation , potentia l ,  and 
Jour . App . Het .  V- 6 ,  No . 3 ,  

6 .  Kuebler , H .  19 5 7 . lIolzals Roh-und Uerks taf f , 15 , 4 5 3 . 
(English transl . :  U . S .  Dept . Agr . , Fores t Science , 

F . P . L . , Trans lation No . 3 6 5  ( 19 5 8 ) . 

7 .  Leroy , R. 1 9 5 4 .  Une methode , correcte de dosage de l ' eau 
(English trans l . : Comm . Aus t .  C . S . I . R . O .  A 

correct method o f  express ing mois ture content ,  
trans lated b y  J .  Hardy ( 19 5 8 )  from Chimie 
Analytique V .  3 6 , No . 1 1 ,  pp . 2 9 4- 30 1 ) . 

8 .  Linton , M .  19 6 2 .  Report on mois ture variation in fores t 
fue ls , predi ction of mois ture content .  
Commonwealth o f  Australi a ,  C . S . I . R . O . , Div. 
Phy s i cal Chemis try , Helbourne . 

9 .  Mi l lett , R . S .  19 5 1 .  The seasoning 
vloods , Fore st Products 
Ontario , pp . 1 2 9 - 13 7 . 

o f  lumber , 
Laboratories , 

Canadian 
Ottawa , 

1 0 . Monte ith , J . L .  1 9 5 7 . Dew .  Quart . Jour . Roy . Met . Soc . , V- , 
8 3 ,  No . 3 5 7 , pp . 3 2 2- 3 4 1 .  

1 1 .  Penman , II . L .  1 9 5 6 .  Evaporation , an introductory survey . 
Neth . Jour . Agr . Sci . , 1 : 9- 2 9 , 8 7- 9 7 , 1 5 1- 5 3 . 

1 2 . P idgeon , L . M .  and O .  Maass . 19 3 0 . The penetration of water 
vapor into wood . Canadi an Jour . Res . ,  V .  2 ,  pp . 
3 1 8- 3 2 6 .  

- 4 0 -



1 3 .  Rees , L . W .  and S . J .  Buckman . 1 9 3 8 . Moisture movement in 
wood above the fiber s aturation point . Jour . Agr . 
Res . , V . 57 : No. 3 ,  pp . 1 6 1- 1 8 7 . 

14 . Reifsnyder , l'l. E . , et al e 196 7 .  Thermophysi cal properties 
of bark or snortleaf , longleaf , and red pine . Yale 
Sch . For . , New Haven , Conn . Bull .  No. 7 0 , 4 1  p .  

15 . Sellers , w. o . 1 9 6 5 . Physical Climatology , The University 
of Chicago Press , Chicago , I l l .  2 7 2  p .  

16 . Stamm , A . J .  and W. K .  Loughborough . 19 3 4 . Thermodynamics of 
the swe lling of wood . Jour . Phys . Chern. , V. 39 , pp . 

' 12 1-1 3 2 . 

17 . 

1 8 . 

Stitt , F .  and F . K. Kennedy . 1 9 4 5 . 
dehydrated vegetables and 
Research , V. 10 , pp . 4 26 - 4 3 6 . 

Specific heats of 
e gg powder . Food 

Thornthwaite , C .W. 1 9 4 8 . 
classi fication 
5 5- 9 4 . 

An approach toward a rational 
of c limate . Geograph . Rev. V. 38 : 

19 . U . S .  Forest Service . 1 9 5 5 .  Wood Handbook . Fores t Products 
Laboratory , Madison , Wisconsin . U . S . D .A .  Handbook 
No . 7 2 . pp . 312- 3 1 3 .  

2 0 .  Wright , J . G. 1 9 3 2 . Fores t  fire hazard research as 
developed and conducted at the Petawawa Forest 
Experiment S tation , Forest Fire Research 
Insti tute , Ottawa , Ontari o ,  Reprint , 1 9 6 7 
Information Report FF-X- 5 .  

2 1 .  Yokota , T .  and K .  Goto • .  196 3 .  The rate o f  moisture sorption 
'and desorption of wood . Bulletin of the Government 
Forest Exp . s t . , Tokyo , Japan , No . 1 5 8 .  

-4 1-



APPENDIX I 

REGRESSION EQUATIONS 
FOR 

EQUILIBRIUM MOISTURE CONTENT 

As part of this paper it was intended to tes t  the 

possibility of using E . t1. C .  to predict the actual fuel moisture 

content . Further ,  since much of the work was to be done on a 

computer , it was determined that regression equations would be 

superior to the existing tables for thi s purpose . 

A preliminary examination of two s tandard tables (Mi l lett 

19 5 5 ,  U . S . F . S .  19 55) indicated s light differences between them. 

I t  was decided to derive equations for both tables so that they 

could be compared .  A s tandard s tepwise regression program 

developed by the Biome trics Research Branch of the Department of 

Forestry and Rural Development was used . 

Visual examination of the data showed that the function was 

roughly " s "  shaped and could be divided into three sections to 

faci litate mathematical calculations as follows : 

1 .  Relative humidity less than 1 0 %  the function is 

increasing at a decreasing rate . 

2 .  Relat ive humidity between 1 0 %  and 50% - - the function 

is approximately linear . 

3 .  Relative humidi ty greater than 5 0 %  - - the function is 

increas ing at an exponential rate . 

A series of equations were derived for e ach of these 

conditions us ing various combinations of teMPerature and relative 

humidity . They are summarized in Table 1 .  
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The only series which require additional C0JTlI11ents are those 

for relative humidity less than 1 0 % . Theoretical cons iderations 

suggest that at z ero relative humidity the mois ture content 

should also be z ero. Experimental proof of this theory is 

di fficult to obtain . t�hile the above equations do not pass 

through the origi n ,  they represent the best practical 

mathematical fit to the avai lab le data. It can also be noted that 

a linear equation is being used to e stimate a curved function for 

the F . P . L .  data . The use of a log {ruI )  and ruI was also attempted 

but the resulting equations were only s lightly more accurate than 

the linear one s . Further complications arose with the use of a 

lograthmic functi on of a value whi ch approaches z ero . Therefore , 

due to its simplicity , and sufficient accuracy it was decided to 

use the linear equations . 

In the case of the data from "Canadian l'loods "  the fit with 

the linear function was considerably poorer than the use of 

10g (RH) . Since very little data was availab le for values o f  R . II .  

less than 5 % ,  thi s  equation gives a n  excel lent f i t .  Due to the 

characteris tics of the log function , it wi ll not give valid 

results as R . lI .  approaches zero .  There fore , this equation can 

not be used below RH = 4 % . 

Doth sets o f  data give s imi lar but not equal values for 

E . H. C .  The values from the Fore s t  Products Laboratory are 

s lightly lower than those of l1i llett . This difference is 

probably caused by the use of different species of '-lood . Since 

both tab les give the average E . H. C . of ,.,ood , the actual value is 

less important than the shape of the curve . The actual value 

will have to be adj us ted according to the species used . 
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I 
,j:oo 
,j:oo I 

DATA 
SOURCE VARIABLES 

R.H. les8 than 10% 

r.p.L.
2J 

HH 
JiB r.p.L. 

c.w. 'f 
3) 

c.w. log(RH) 
* r.p.L. RR, HH Jt 'f 

c.w. T,Ji,H 
* c.w. log(RH),  T 

r.p.L. HH, RH Jai' 
r.p.L. RH, log(RH) J RH Jt 'f 

c.w. ;.../RH, RH 
c .w. TJ/RR, RH, 

RIl Jt T 
R.H. between ll$ and so.c 
C.w. BlI 

r.p.L. RB 

* c.w. RIl, 'f 
* r.p.L. RIl, 'f 

CONSTANT 

.0$2660 

- .011662 

3.08094 

.022979 

.032290 

.0$2$10 

.003983 

.2$$226 

-2.19469 

-8.39678 

-13.647$ 

1.40799 

.982030 

3.639$4 

2.22'749 

'!'ABLE 1 

'llJ 
2 

(�=� COEFFICIENTS li 

.230900 .93997 .03980 

1.10773 .92080 .04516 
-.008643 .24276 .2$3$2 

2.82849 .93996 .43666 

.281073 -.OOOS78 .964$9 .02391 

-.0189bl 1.41379 .60426 .1)691 

4.S4S31 -.0189$7 .98614 .00398 

.230113 -.OOOS74 .2$l.l63 .96602 .02338 

2.$2834 -2.8$702 -.0006$4 .96700 .01969 

-.017462 7.7$149 -1.18606 .63490 .130664 
-•. 038744 12.8)82 -2.32608 -.002614 .66220 .12$21 

.lS866S .80S82 .9614S 

.162639 .9l947 .3296$ 

.lS7206 -.029478 .99329 .03384 

.. 160107 -.0lb.784 .97874 .088$3 
• •• 2 



I 
.::.. 
U1 I 

DATA 
SOURCE VARIABLES CONSTANT COEFFIC:mrrs 

R.H. greater than 50% 

C .w. 

F.P .. L. 

C .W. 

F.P.L. 

* C.W. 

* F.P.L. 

C .W. 

F.P.L. 

2 
RH 1.84150 .002511 

2 
RH 3.34725 .001969 

2 
RH , RH % T  3.04920 .002809 -.000508 

2 
RH , RH x: T  3. 89389 .002208 -.000298 

2 
RH , RH % T, 28. 2771 .007493 -.000532 

RH 
2 

RH , RH x: T, 21.0606 .005565 -.000350 
RH 

2 
RH , RH x: T, 29.7908 .007437 -.000232 

RH, T 
2 

RH , RH x: T, 21.7450 .005477 -.000179 
RB, T 

2 
1) R • Coefficient of Dete1'll1Datioa 

2)  Eoreste Products Lab (U.S.P.S. 1955) 
3) Canadian Woods (H1llett 1951) 

-.698061 

-.483199 

-.713661 

-.486134 

* Considered best in terms of simpl1ci� and accuraa,r 

1) 2 
2 

(R&S:) 
R 

. 92520 2.3014 

.94784 .74925 

.97232 .86629 

.97556 .35567 

.99388 .19505 

.99277 .10661 

-.022866 .99445 .17990 

-.012532 .99305 .10386 



1\PPENDI X I I  

DEFINITION OF FUNCTIONS 
In TIlE 

MOISTURE CONTENT HODEL 

Further definition of the functions disoussed in Chapter I I , 

section I I I , are quite complex. I t  was decided not to include 

them in the section itself because it was only intended to 

present the basic concept - not the � thod by which i t  would be 

carried out . They are presented here f or those who wish to carry 

this concept further . 

\"lith respect to sinusoidal variations : 

( I I . 1) 

( 1 1 . 2) 

( II . 3 ) 

( II . 4 ) 

l\ =4«2 + } ) 2  
1jI = a r> t a1t ( a/b ) 

a = 8 in h  2k1 - ain 2kl 
4]� 1 ( 0 0 a 2 1 : 1  + a in h2kl) 

h = - ( s i n h  2 k l  + B i 1Z 2 J�1) 
4kl ( c o H 2 }: 1  ... 8 inh2 ] : 1 )  

With respect to exponential changes , a dimensionless time 

lag L .  is given as : 1. 
( 11 . 5 )  

where 

( 11 . 7 ) 

L .  1. = (T ei - T ci
) = 

T = t D 
12 

( II . 6 )  

A dimensionless time constant B is de fined as : 

( I I . 8 ) n = ,,, 1 2  
D 

where 8 is a time constant 

An exponential c l imate change ( or sur face concentratinn ) is 
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defined by : 

( 1 1 . 9 )  • = Cs - Co = 1 - eDT 
Coo Co 

\'lhere C s  is surface moisture at time t ,  C o  is the initial 

and C oo the final mois ture content . By subs tituting B ,  T ci , and 

i 

(where 0 < i < 1 )  in eq. ( 1 1 . 9 ) and rearranging he obtains 1 

( 1 1 . 10 )  T . = 1 tn ( 1 ) 
CJ. 13 1 - i 

For the fractional gain or loss in moisture content o f  a slab 

fue l ,  B and T are substituted in equations given by Crank ( 19 56 ) 1 

( 11 . 1 1 )  
J.!. = m ­

n 00 moo-

OCt 2 2 t -DT L - (2n+ l )  • .L T mo = �l�-__ t�a�n�(D��) __ -__ e ____ - w o �c������4 __ � __ ���� 
t ;r ( 2n+l )  2 [1 -

4B
,2n+l) 2 0 1f 2] 

mo n=O B 

where m is the average moisture content at time t and .� - i 

Finally , the fractional change for a cylinder i s  given aS I 

( 11 . 12 ) 

where an are the roots of Jo ( a n ) = 0 and where Jo ' J1 are Bessel 

functions of order zero and unity respectively . 

With these equations , it is possible to calculate the time 

required for various fuels with known diffusion coefficients to 

go through given fractions of the total change whi ch wi l l  occur 

in response to exponential climatic changes . 
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