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FOREWORD

Foreword

Ralph M. Nelson, Jr.

On an autumn afternoon in 1960, I was a wood science
graduate student at North Carolina State College in Raleigh
checking my experiment when I heard someone speaking
my name. After a short visit with me, George Byram was
off to the adjacent office to confer with Dr. A.J. Stamm, a
wood/physical chemist who was guiding my research. My
immediate thought was that they were talking about wood
moisture. Three years later, after [ had become a full-time
staff member at the Southern Forest Fire Laboratory in
Macon, GA, I had reason to believe that the earlier Raleigh
conversation was about George’s analysis of forest fuel
drying—the subject of a manuscript [ was reviewing for
him at the time. Now, some 51 years later, that manuscript
is available for readers interested in the technical aspects
of fuel drying or in reading Byram’s work for historical
context. The subject matter will be of special interest to
readers looking for details of the mathematical theory of
moisture transfer in forest fuels.

HISTORICAL BACKGROUND

George Byram’s analysis of the drying of forest fuels

has its roots in the history of fire danger rating. The
significance of fire danger rating is that fire managers

can use it to judge the probability of a fire starting on a
given day, how intensely it will burn, and the staffing level
required to successfully extinguish the flames. Within

the Forest Service, U.S. Department of Agriculture,

the concept of fire danger rating originated with Harry
Gisborne, who in 1922 was thinking about how there
seemed to be differences in fire hazard in different parts
of the district in Missoula, MT where he was working.
After spending the next 8 years recording observations
and writing research papers, Gisborne produced the first
fire danger rating system in the form of a meter that rated
hazard using data for fuel moisture, wind, and humidity,
plus adjustments for human- and lightning-caused risk. Fire
managers throughout the United States quickly embraced
this primitive method of describing fire danger, adjusting
it to fit their local conditions. Over the next 25 years, “new
and improved” versions of the meter appeared. However,
when managers, scientists, and firefighters from various
regions were detailed to a large fire, differences in their
meters often caused communication and logistics problems.
Consequently, many discussions ensued regarding the
status of fire danger rating. One of the considerations at a
1954 fire control conference in Ogden, UT was whether
the Forest Service should develop a national system of fire
danger rating that would apply uniformly throughout the
country (Hardy and Hardy 2007).

In 1958, a committee composed of Forest Service fire
research and fire control personnel decided to go forward
with development of a new national system. An initial team
of researchers began work in 1959, and in 2 years produced
a Spread Index ready for nationwide field testing. Because
the Index was not applicable in some parts of the country,
however, the project was closed. In 1965, a research project
established in Seattle, WA surveyed fire control agencies to
identify the requirements of a national system and ultimately
recommended resuming research on the national system.

By 1968, a National Fire Danger Rating System research
unit was established in Fort Collins, CO. Two important
project goals were to: (1) develop a nationally uniform
system of fire danger rating; and (2) devise a system based
on analytical rather than empirical reasoning, with strong
emphasis on evaluation of fuel moisture content. After

field testing in 1970 and 1971, the unit completed the 1972
version of what is now the National Fire Danger Rating
System (NFDRS). In 1975, the Fort Collins project relocated
to Missoula, MT and within 3 years produced the improved
1978 NFDRS in use today. In both versions, Byram’s fuel
drying analysis provided concepts that led to methods

of categorizing forest fuels and predicting their moisture
content. Updates of the 1978 NFDRS continue to appear

as new information and technology become available
(Bradshaw and others 1984, Hardy and Hardy 2007).

BYRAM’S ANALYSIS AND THE NATIONAL FIRE
DANGER RATING SYSTEM

George Byram joined the Appalachian Forest Experiment
Station in 1936 and immediately began studies related to
smoke visibility, physics of vision, and fire danger rating.
From 1938 to 1943, he conducted creative field experiments
that largely clarified the effects of solar radiation, wind
speed, temperature, and humidity on the drying of forest
fuels and on fuel moisture equilibria. From 1938 to

1965, Byram was primarily a “silent” participant in the
development of fire danger rating systems—consulting
with colleagues, developing instrumentation pertinent to
danger rating, and deriving mathematical expressions for
the Buildup and Burning Indexes in the “8” and “8-100”
fire danger meters used in the South and East from about
1940 to 1960.

In 1960, Byram formulated a plan of work for current

and future staff members of the Southern Forest Fire
Laboratory in Macon, GA, the first of three Forest Service
fire research centers across the Nation. His problem
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analysis identified eight research topics, suggested
studies under each topic, and reviewed their status plus
the associated research needs. In his discussion of fuel
moisture studies, Byram stated:

A large part of fire danger rating procedures is
equivalent to “keeping books” on the quantity and
distribution of fuel moisture. For this reason there
will be a continuing need for better fuel moisture
studies. Some of the most urgent are detailed
studies of drying and moisture replenishment
processes designed primarily for the purpose of
measuring the relative drying rate for a variety of
fuels such as grass, twigs, logs, and duff or litter
of varying depth. These studies would require
both field and laboratory work:.'

Byram followed his own advice by preparing the present
manuscript, which consists primarily of mathematical
solutions of the well-known diffusion equation for moisture
movement in porous materials such as wood and forest
fuels. He described the drying of five kinds of fuel particles
and of thin layers of litter or duff. Byram also reported the
results of laboratory drying tests for comparison with his
theoretical work; the experimental results supported the
exponential nature of moisture loss with time predicted by
the theory. However, the most significant result of Byram’s
work was that it provided a basis for classifying forest
fuels according to their rate of drying—a rate described

in terms of the timelag constant (or response time used by
some researchers). He showed that under constant ambient
conditions, the key variable determining the fuel drying
rate is particle thickness or layer depth. Beginning with
the 1972 NFDRS and continuing in later versions, system
developers used these ideas to partition dead fuels into

1-, 10-, 100-, and 1000-hour classes. Thus, a rapidly drying
1-hour fuel (smaller than 0.64 cm in diameter) represents
fuels like grasses or a single weathered needle, whereas a
slowly drying 1000-hour fuel would represent logs greater
than 8 cm in diameter or a deep layer of duff. This system
of fuel classification provides the basis for theoretical
calculation of dead fuel moisture content in the ignition,
spread, and energy release components of the current
NFDRS (Bradshaw and others 1984). Furthermore, the
NFDRS method of fuel classification is widely used by

fire managers and researchers in activities and studies not
directly related to fire danger rating, such as fire behavior
and effects experiments, prescribed burning, and numerous
modeling efforts.

'Byram, G.M. 1960. A problem analysis and proposed research
program for the Southern Forest Fire Laboratory. On file with: Fire
Research Institute, 943 West Lynwood Drive, San Antonio, Texas
78201. Available electronically from Jason Greenlee at fire research
institute@hotmail.com.

PUBLISHING DETAILS

Several forest fire researchers have suggested recently
that Byram’s fuel drying analysis should be published—a
proposal they brought forward because of continuing
scientific and historical interest in the work. I believe
Byram’s analysis provides a superb source of information
from which fire researchers coming after us can learn the
basics of moisture change in forest fuels. It has been cited
well over 100 times and continues to appear frequently in
papers reporting fuel moisture studies.

The original manuscript was handwritten on yellow legal
paper by Byram in the mid-1950s (my dad, a colleague
of Byram’s, invited his teenaged son to read it). In 1963,
he presented an updated version of the analysis to an
international conference on humidity and moisture and
later submitted it for publication in the proceedings.
Reviewers rejected the manuscript, however, claiming
the work was not original—the diffusion equation and its
solutions had been known for many years. In a sense, they
were correct, but they completely missed the significance
of the manuscript, which was that Byram’s additional
work made the equations and their solutions relevant and
practical for operational use.

The history of the manuscript reproduced for this General
Technical Report (GTR) is uncertain. That Byram edited
the submitted manuscript after its rejection seems doubtful.
It is more reasonable to assume the manuscript from which
this GTR is derived is a photocopy of the one Byram
submitted and later distributed to interested parties. This
copy has been electronically scanned and included here
“as-is,” with no textual changes. It was reviewed internally
in 1963 but has not undergone today’s peer review process.
As mentioned earlier, the manuscript was reviewed by
conference editors who perhaps could not relate to the
stated purpose of the research.
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AN ARALYSIS OF THE DRYING PROCESS IN FOREST FUEL MATERIAL
George M. Dyram

Southern Forest Fire Laboratory, Southeastern Forest Experiment Station,
U, S. Department of Agriculture, Macon, Georgia

ABSTRACT

It is asgumed that the flow of moisture in forest fuels and

. other woody materials is determined by the gradient of a quantity g
which is a function of some property, or properties, of the moisture
content. There appears to be no preferred choice for this function,
hence mqisture transfer equations can be based on a number of equally
valid definitions of‘g. The physical meaning and dimensions of the
mass conductivity 'ﬁ? will depend on the definition of g but the
mass diffusivity. o 1is independent of g.

Simplified solutions to the transfer equations are expressed

in terms of the ratio 'éér . The timélag 4 1is a measure of the

o, drying rate. It scales as the second power of the appropriate dimen-

sion of the specimcﬂ, such as the hali thickness, when the Biot num-

irst power of the characterizing

(=

ty

ber is large but scales as the
dimension when the Biot number is small., Analytic solutions are
not possible when properties are variable but the scaling relatiomn-
ships remain unchanged.

The basic theory of the drying process throws considerable
2

light on the complex interacting effects of air movement, radiation

and evaporation cocling on the drying rates of forest fuel waterial.
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! “
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defined by (30);
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corresponding to #, ; ’
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vapor pressure at any given
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INTRODUCTICN

One of the most iﬁportant factors influencing the intensity
of forest fires is the amount of water in the burning fuel. Hence,
any procedure for measuring or estimating the flammability of such
vfuels must give considerable weight to their moisture content and
its distribution. Forest fuels are a heterogeneous mixture of wopdy
materials in which the individual components may vary greatly in

size, shape, and arrangement. Interminglied with the nonliving fuel

to a greater of lesser extent are greem or lLiving plants. They
constitute another component of the total forest fuel material.

This paper is concerned.primarily with the theoretical aspects
of the loss of moisture in the nonliving fuels--especially in the
‘moisture content range below the fiber saturatiom pointjwhe?e the
‘flaﬁmability of forest fuels increases vapidly with decreasing mois-
ture content. The main objective is to obtain a mathematical

descyiption of the drying process which can be readily compared

with experimental data.
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Among the numerous papers in the literature on drying, there
are a considerable number which apply to the drying of wooa ox

materials similar to wood. A few examples are the papers by Tuttle

(11), Sherwood (8), Hougen, McCauley, and Marshall (), Stamm (10), and

v

Van Aredel (12). An extensive summaiy account of the drying of solids
~is given by Marshall and Friedman (7).

in xbrmulaﬁing theories of the dxying process, investigarors
have used different assumptions &s to the nature of the gradient
résponsible for the flow of moisture in the drying material. One
assumption is that a meisture gradient determines the flow, and some
problems in diffusion are approached ircm this viewpoint. Another
assumption is that the ﬁoisture flow ig determined by the vapor pres-

sure gradient., Van Arsdel (12) points out that, in the absence of a

temperature gradient, the choice between these two assumptions is only

a matter of convenience. However, other choices of gradient are
equally valid and among the various possible gradiencs none can be
designated as the preferred choice. This somewhat confusing point

. - - - . - . - .
can be clarified considerably by postulating that the moisture flow

£

5 determined by the gradient of & quantity g which“is a function of
some property, or combination of properties, of the moisture in the
érying material. On the basis of this assumption one can then urite

‘the equation

(
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! fa . = q %5 :
where fﬁ%‘ is the rate of mass flow of moisture through an arca A
!
perpendicular to the direction of fiow, and é%% is the gradient of

g in the direction of flow. The quantity k_1is defined by this -

8
equation, It may be designated as the wmoisture or mass conductivity
and corresponds to the thermal conductivity in-heat transfer, Al-

though kg is numerically equal to the rate of moisture flow per unic

of cross section area per unit of gradient of g, its physical mean~-

ing and dimensions will depend on the definition of g.
MOLSTURE TRANSFER EQUATIONS

The fundamental equation of moisture flow based on equation
(1) can be written as

~ 7LD , Da3) 629 o
D(AZY) . kD)  P(hER _ =2¢
*’(55;5’"‘/-7 %7’?- T2y T @

where C is the'mass of water per unit volume, or Tthe moisture con-
centration in the drying materiail. ' This equation may be regarded

as a general form of Fick's df ffusion equation. The next step is to
express g in terms of some proparty, oriproperties, of the moisture
content. One choice is the reletionship g = P, which is equivalent

to the assumption that the moisture flow is determined by the vapor

pressure gradient, ' If g = P, then equation (2) can be written as
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. 2P 2 r"sD\ £
dtsft) alweiZ) . 2(h25) DL )
EE 7 24 “

in which k has-been designated as k when g = P,
& P
Y

At this point it is desirable to introduce the dimensionless

4

quantity (3 which is defined by the ecuation
s

\FH T

where m is moisture content and is cefined as the mass of water per

(.;D /;-4‘) Y
== '

unit mass of fuel in the fuel-water mixture. The relative vapor

. . . P I A : .
pressure H is given by the reLat'onsnly—/ H = P/PS where P_ is the

~

1/ H has values between 0 and i and m has values between 0
and o©9 . TFor convenience they are usuvally multiplied by 100 andé
expressed in percent, in which case T is known as relative humidicy

and m as percent moisture.

saturation vapor pressure at temperature T. The defining equation
L]
for (3 shows that this quantity is the slope of a Vvapor pressure

~

e

rh

isotherm in which m is expressed as & function o

73]

The melsture concentration C way be expressed as
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vhere P is the densityz/ of the fuel component of the fuel-water

2/ The density P is based on the bone dry fuel weight and

the volume at moisture-content m.

“<ture.  Tf at any point in the drying substance the temperature T
and density f) are not changing with time, equation (4) can be

differentiated and expressed successively by the series of equations

2C _ ?z:r.. (Df»z = 2
sc =P5¢ =PDE, 2#7-21—

(5)
_ PGB QP
'3
Owing to shrinkage, the density (? at a given point will decrease’
with time as the drying progresses but the change 1s small and can
be neglected, Equation (3) can now be written as
P g 2P ¢, 2P |
'D@?—ZL?;; + Gl _ p03 ?f |
K : 7 E?;y £ 2 (6)
. This ‘equation describes the drying process even though kp and ,ﬂ3
are variable. - If kp-is'constént, equation (6) takes the simplified
form ‘
1 P _Lij?fa
;7__/91_2_/‘ * a—" « DT
a2 277 (7)



An Analysis of the Drying Process in Forest Fuel Material

where ¢ may be defined as the mass diffusivity end is given by

the reiationship

‘O(:M
NNTE

One of the most effective choices for the function g is -

3'::1¢,@. If P_ is not changing with time)then

E7ﬂ D
Combining equation (9) with the relationship ;-???C = Pg—’r—; and

substituting the result for g%g in the right member of equation (2)

gives when written in terms of m

| agﬁz%’-‘ ?._(ﬁg%ﬂg)*Q@ﬁ‘f): f..__arf_.
x| P27 7z 5

Y

2 v

If kg is.constant and if there are no temperature gradients in the

drying mﬂterialjthen equation (10) becomes

D Plom P . 7 Do | Do
TR Al 2t A 2L

(8)

(9)

(10)

(11)
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where

O

4

o= RIET ' | (i2)
' ~

Pairsvof equations, analogous to equations (6) and (7), or (10)>and
(11), based on other cholces of g will not be given, However, the
relations between the k's and the o's for isothermal conditions are
summarized for five different functions for é in table 1. All of
ﬁhe «?5 are identical and have the dimensions th-l + Each of the
k's ig different, although for g = P and g = wP_ the two corres-
ponding k's each have the dimensions of time. For simplicity the
k for g = mPs is ﬁesighated as_kg and all othef k's are expressed
in terms of kg . Table 1 1llustrates the arbitrary natute of thev
gradieﬁt which is assumed to determine the flow of moiatufe. The
procedure for finding the relationships between the k's can be
illustrated by determining the relationship 'betwee-n,kg and»kp. ﬁy
letting g take the forms of g = mPS and g‘=.P?it follows from

3

equation (1) that for isothermal conditions

g Pt _ EE!ED
j:?,%:/f?eﬁ'%PQ;

Also for. isothermal conditions

A Dom\ 22 _ 2
AR =K C(EE)SE - A O3
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Table 1,-«A summary of the k's and o's with their phyai_cal dimensions

corresponding to five different choices for the function g

Dimensions 2 -
g k of k - _o (Dimensions are L°t )
o - R
mPs : o ot d,‘i - :@ﬁ—l
) _ P o
. Ao = 8”}‘9’; t o '%’é‘ = éﬂ;ﬁ
Ak w gete = AR
¢ AR '.'_= "Eé'é L4 Ke = e :é('ae
/& . —4, . _ P,g ) % [.37
CPS ,&:P: '?? M 1 f %,o T o3 = 'F

-9A-
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e,

Therefore ‘ e

ko = BA

For a substance for which the vapor pressure isotherms are
linear (Henry's law) (3 is- constant. In this case kb would be
directly proportional to kg' If either kp or kgAwere constant, thé
other would also be constant. However, for most substances (3 is
variable, so ordinarily bothvk's could not be constant. The vapor
pressure isotherms shown in figure 1 for temperatures of 72°F. and
.90°F, are those which Spalt (9) obtained for éesorption conditions
for basswood. Figure 2 shows 3 plotted as a function of m for
temperatures of 72°F, and 90°F. Ordinatés of these curves were ob-
tained by measuring the slopes of the curves in figure 1. Either
curve shows that (2 can be taken as approximately cqpstant for
values of m befweenIO.OS and 0,12 but increaseé rapidly as m approaches

the fiber saturation point.

Figure l.-=-Vapor pressure isotherms for temperatures of
72°F, and 90°F, show the moisture content m plotted g
as a function of the relative vapor pressure H . These
curves are those which Spalt (9) obtained for basswood

for desorption conditions.

Figure 2.=-~The parameter (3 is shown as a.function of
the moisture content m for temperatures of 72°F, and
90°F. The ordinates of these curves are .equal to the

slopes of the curves in figure 1,

~10-
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SOLUTIONS TO. THE MOISTURE TRANSFER EQUATIONS

When the fuel properties are variable, solutions to the
moisture transfer equations have to be obtained by graphical or
numerical methods. Hoﬁever, much can be learned about the general
drying process frém analyfic solutions based on the assumption that
the properties of the drying material, on certain combinations of
properties, are constant. Such solutions are also useful approxi-
mations even wﬁen the.pfoperties are not constant,

;A wide variety of solutions is available in-the literature
of héat and mass transfer. An important example is the solution for
the infinite cylinder,bwhich is significant for isolated individua{
materials 1like logs, dead limbs, and certain types of cured grass
stems. Solutions fo;'the infinite slab would apply to individual
leaves, thin grase blades, isolated layers of bark and wood, and to
"a layer of duff over a rocky surface iwpervious to the:passage of
moisture. Deep layers éf duff and organic soils can best be treated
as semi-infinite solids. For all of these cases the moisture trans-
fer equations éap be written in one dimensional form.

Solutions based on equation (11) can bé‘expressed directly in
terﬁs of the moisture content, so this equation is ordinarily the most
suitable to use. Consider an infinite cylinder of woody material of
radius ¥ with a uniform initiai moisture content of m which is

X

”11‘ -4 -
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drying in an atmosphere of constant temperature and constant relative

vapor pressure for which the equilibrium moisture content is m,e If

m is the moisture content at any radial distance x from the cylinder

axis at time t, equation (11) in cylindrical coordinates becomes

D ' _
22 | Do
# " Zf)"'&“ EEa

'Thelinitial conditions- are

m~Ww =w ~-m
e ° e

The boundary conditions .are

1:2£;q’7-"??z;)-;: I
. 1;?275

and

whgre hg is the surface transfer coefficient,

L Q3)

when t = 0

at x = 0

at x = r
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3/.

The solution to eqﬁation (13) is~
2 | _ N (at fr)
oA g > L :ﬂ'OV:), e 7 - (/ULv%%:) 14
o Ny T () 73, ) S v
m= :

3/ Details of solutions for objects of various Bhapes are
-giv;n'in works on diffusion and he%t transfer such as those of Crank
{g), Gledt (3), Eckert and Drake (4), and Carslaw and Jaeger (2).
As in heat transfer theory, the dimensionless groups 41f/211 and

hg:/kg‘may be designated as the Fourier number and Biot number,

respectively.

where Nn o= )inr and )Il'representa roots of the eigenfunction equa-
tion

PR R ’ A/’%g Cas

Jo is»a Bessel function of the first kind and zero order and J1 1s a
Bessel function of the first kind and first order,
In experimental work, the aﬁerage moisture content is much

easier .to determine than the moisture content at a given point with-

in a specimen, ‘8o it is desirable to have solutions to the equations

-13-
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expressed in terms of the average moisture., If W is the average

moisture content throughout the cylinder then
e

rﬁﬁ-—-;ﬁq‘ ==ég’7f”‘”zhjzd, = 2 (rr1 = ) X ¢l7f

g
(7
Substituting in this equation the value of m = m, given by equation (14)

and integrating gives

g !
mﬁw‘:—"'ﬁ—f:, = N W)+ 3,5 (N-) € 16)

The value of Nh in equations (14) and (16) will depend on the

rat:ic:'hgr/kg in equation (15). The surface t:énsfer coefficient h,8

is defined by the generai equation

9t 4 4(5~5) . an

where gﬁ? is the rate of mass flow of moisture through a surface of
area A, gy ie the value of g at the surface of the apecimen)and 8, is

the equilibrium value of g for an environmental relative vapor pressure

He. For g -=mP8 equation (17) becomes

dM _ | - (18)
dM— _hy AR (=)

14
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Equation (16) takes on a much simpler form if the resistance
to the flow of moisture through the surface is negligible compared
to the internal resistance to molsture flow. 1In this case the Biot
numbex hgr/kg is very 1afge. In equations (14) and (16), J (N ) ;-+ 0

as h r/k —— o0, Equation (16) then takes the limiting form

S Zz N (22 /27

el

T (arf//i"‘) _/\é"(xf/‘n‘) )
= eQF;‘ . e ceo :]

.M‘.l | 1"%"‘-6 _ -

in which Nl » Nos = s oo o« o N are the successive zeros of Jo(Nn)'

Equation (19) is represented by curve A in figure 3,10 which 7 — s
iy T

is shown on a semi-log chart as a function of the Fourier number

«tpt

Figure 3.--Theoretical drying curves for specimens with
sixfdifferent geometric forms: A, cylinderj B, infinite
plane slab; €, Infinite square rod; D, cubej E, sphere;
' F, semi-infinite solid.. The ratio F;;"”hgﬂaf;'v?qq)is
plotted as a function of the .Foufie.r numbex: a('f//tl . -

~15«
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With the exception of the brief initial period when the moisture
distribution is bedoming established, this curve is linear, This
is a result of the rapid convergence of the series in equationm (19).

For values of °¢€4§1'greater than 0.10, only the first term need be

.o
7

MR

retaineqfand equ&tion (19) can be written approximately as

s .

< = 20
M=l Y * (20

. For an infinite plane slab, equation (11) reduces to
2%m _ 1 _Pom
5-';{ -~ & T
in which x is measured from the slab center. The initial conditions
and boundary conditions are the same as for equation (13). For a

slab of thickness 2r, the solutiom 151/

- _ /\/l - N (xt2) | 3£.>
i e EA e ¢ a (Vo
Y ';LZZ N, e Ny coallen ( TR ()

s

where Nﬁ = :>>m r and 7%41 represents the roots given by the

equation
= = :a — __/qéu B

=16~ .8
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When expressed in terms of m - m, o the solution for the

slab is : : -

e 2 AL, | _ ‘i ?.<:f7$/2939
“'*nz = 55; N (N ey afd/Wn S

-When hgr/kg is very large, equation (23) also takes & simpler

fbrm. As h r/k —_— 00, coth'—-? 0,_ and ,Nn---) @m-l)% .

Equation (23) then becomes’

. oo - > E z
= W :;;_ e /V <’ /{>L )
R A N,,,

e/

[ -éZj’(«% ’) -(Sﬂ)’(“f/

-_77"-

‘which is represented By curve B in figure 3, As in the cylindrical
case, the series in equatioh (24) also converges very rapidly and
the straight line portion of curve B represents only the first term,

Equation (24) then reduces to e
A~ F4%

) (et

b
e ©

U

(23)

(25)
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By the use of the product methodlf , solutions in one
dimension can be applied to objects of numerous shapes. An ex-
ample ie the infinitely long square rod. In this case it can be
shown that the solution is the square of the right member of equatién
(23) or equation (24) for the infinite plane slab. If only one term

in the resulting series is retained, the equation analogous to equa= .

tion (25) is _ ‘ VA
1.
= A
Loy
Boon @)
Rl E:”f) (26)
where 2r 1s the diameter of the rod. Similarly, the equation for a
cube of diameter 2r is i
_efm\ et ,z’) -
A~ 7 6&}) 3()( /~ ”
In figure 3)équations (26) and (27) are represented by the straight
line portions of curves C and D, respectively, .
Curve E in figure 3 is the drying curve for a sphere of radius
- x., The straight line portion of the curve represents the equatiom
. R I~ i
. i (etat) <o
N o b e -
A, T (28)

-18- '
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Equation (20) as well as equations (25) through (28) can

all be expressed by the single equation

- ..

¢
- . w7
o, vag W .

Te ¥ Oy l

Ry o
My T T -_ﬁzm €

in which 77 418 a quantity which has the dimensions éf time, It
represents the combination of factors which comprise the coeffi-
cients of t in the different drying equations., Physically 7 is
equal to the time required for the vélue of ﬁ»-.me’at some arbi-
‘trarily chosen point on the linear portion of any of the curves ih
figure 3 to drop to 1/e of the value at the beginning of the interval.
It is defined as the timelag and is a very useful parametef for
comparing the drying characteristics of differént.forest fuel
wmaterials., The dimensionless constant K depends on the shape of
the drying speﬁimen. Geometrically it represents the intersection
.of the'extens;on of the atrfight line portion.of the curves in

figure 3 with the t = 0 ordinate. For example, in curve B, the

value of K is £>/7f°’;. Equation (29) .can also be written as

n-lgn

29)

(30)
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in which 'x'ﬂo -m, = .K(mo - me) and represents an adjusted or
equivalent value of w - m for t"= 0.

Aun additional case.of considerable practical significance
is the semi-infinite s501id which is approximated by a deep layer
of duff or organic soil;’ Throughout a surface layer in ﬁhich the -~
depth r 1s small compared to the total depth, E - m, can .be expressed
as an integral of the eiroz‘ function, If constant prbperties are

assumed and if hg is very large, the equation for m = m,. can be

2
-t

written as

FXLN T
s 2
VL -, ol - L J
g o | ATW i dudz
o Yo
2
Placing € . in a power series form and integrating term by

term gives

-7 o . _ _
e _ E @A) e (AL -
=2, AVm 250 T F52l T Beye3

=4

kL

where ‘ = “fé._//a.'l'. This equation is represented by cﬁrve F

in figure 3, In this case the 1ogérithm of *Tﬁ - me“doea not become
linear with increasing wvalues of “é//t" as ‘in all of the other

cases but decreases at a diminishing rate.l This ie_l caused by moi.s-
“ture traveling upward from deeper layers in the’veemi-infinite material.

The thickness of the surface layer is taken as r rather than 2r be-

cause, unlike the slab, it can lose moisture from only ome side.

-20~
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DRYING RATES

The Effect of Temperature and Relative Vapor Pressure

To examine the éffect of temperature and relative vapor
pressure on the drying rate, it is somewhat simpler to work with
vapor pressure gradients rather than with gradientsvof mPB o Take~
ing the infinite slab of thickness 2r as an example, the solution
of equation (7) in one dimension is

) . N @)
!2__£2=:f£§ifi e Lo e 7 Cods (?¥;:5%)

/2"&? /VQ + 7 N,y et Ny,

(32)

Y

where P is the vapor preséure in the dryingAmaterial at a distance x
from the slab center, Pe the yapor pressure at infinity, and Po the
.vapor pressure within the specimen at time t -YO when the moilsture
content m was uniform, .

The. form of the right members of equatioms (21) and (32) are
identital but N "is not thé.same in both cases. In equation (21)
N 1s a function of hgr/kg and in equatlon (32) 4t is a function of

/% ’7/4;$ + The surface transfer coefficient ./%o is defined

by. equation (17) with f? replacing fj, " Be replacing ﬁ}z Ny
and /bb rep?acing 'AB .

The outward rate of mass flow of moisture across the surface
is

g4 - "#(3’7‘ Aedha 0
(33)

PR
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v :
where Ei now represents the mass flow per unit of surface area

(35292Qx=/! is the vapor pressure gradient at the surface,

Differentiating équdtipn,(BZ) and letting x = r gives
A, &t /n
(p) s /v,,(/)
7;7_‘— /V *ra¢¢~1ﬁd 4odA/

When x = 0, equation (32) becomes

PP il M)

, e
/\,, tAacl, cotlley

=]

where Pc is the vapor pressure at the slab center, Combining

cequations (33), (34), and (35) gives for the outward moisture.flux

A= -2 (R-R) Y

where S1 is the sum of the series in equation (34) and §, the sum

of the series in equation (35). A drying rate ratio R may be de-

fined as

R==~—-/("“)

~07-

(34)

(35)

.(36)
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in which is the outward flux of moisture for vapor pressures

dt
. / .

of P and P_ and G;é{) the flux for vapor préssure.Pc' and Pe' .
The drying rate ratio makes it possible to compare the drying rate
of two identical specimens in environwents with different tempera~

tures and different relative vapor pressures.

Using equation (36), the drying rate ratio can be written

- P-B 5
= e T le Oy )
R el_‘ E,' S,_ ‘3‘?;

1f qﬁ;éqi 1s chosen so that this group is the same for both speci~

‘mens, then 51 = Sl"and 82 - Sz' +» R can then be written in the

alternate forms

where ?s and Ps' are the saturétion:vapér pressures for temperatures
T and T' in the twclenvironments; H and ﬁi are the corresponding
relative vapor pressures in the environﬁenté, and Hc and Hé' are
the relative vapor pressures at the slab centers.

! If the moisture content at the center of the two slabs is ..
high,!then Pc and Pé' are nearly equal to the saturation vapor

preaéures?B and Ps‘ » respectively, Equation (37) can then be

“23- ,

- (37)
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written in ﬁhe approximate form

which can be used for estimating R when the central moisture content
mc-is 0.20 or more and if H,and H, are 0.40 or less. For smaller
values of m, and higher walues of @;and H}, equation (37) should be

used. The wvalues of Hc'and Hc' corresponding to m, and mc‘ can be

read from the vapor pressure isotherms., The central moisture can be

determined from the average moisture which for the. slab is given by

. the.equation

= vy = I (77 = rmg)

ptovided that hgr/kg is- large and the drying periods are long enough

for the moisture distribution to become established, This distribu~

tlon begins to approach its final form at relatiVely emall values of

‘ ci‘fv/{/t, as shown Iin figure 4., This diagram is a plot of equation

" Figure 4,~-The theoretical distribution of molsture
across a plane slab at time t = q?é_.

(21) for t = ’7'/2 , or “'f//‘t" = ";2/77:’ , and hgr/kg = o0

-and represents the theoretical distribution of ZZEE;;? across the
. . . ’

'8lab .

Dl m

(38)
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It can be shown that equations (37) and (38) apply to speci-
mens of other shapes such as cubes, spheres, and rods, However, for

a finite surface layer of a semi-infinite material, the drying rate

| H, — H\ /B s
ﬁ>=' cl f{)(%%)
' Hc-.l. 3 4 v

For two identical specimens drying in environments for which

ratio becomes

'the‘specimen'temperatures are'T and T' the ratio of thelr timelags

7;4TI = E%/?gy

This ratio should not be confused with the dr&ing rate ratio R in

will be

.equation (37) although both are a measure of relative drying rates,
R represents the.ratio.of the rates when gither'rate is expresseq
ip units of mass,df;watér per unit time; ’CA%' represents the ratio
.of the reciprocal of the rates of cl;.ange of /pg(r'ﬁ- ?ﬂ_,),which, with
thé exception .of thé'aemi-infinite case, are counstant when the drye
ing chves (figure 3) become linear. The magnitude of qvér! does

not depend on.the relative vapor pressure,

The Effect of Fuel Size or Thickness of Fuel Laver on the Drying Rate

Equations such as (14) and (21) express m =~ m, as & function

of three dimensionless groups N, cxé/ﬁkn. , and x/r, ° In equations

 =25- 4 -
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for m ~ m, o such as (16) and (23),~on1y the groups N and fo/émi
appear bécaﬁse x/r = 1. It {s not readily apparent from any of
these equations just how' the time required.for m - m ,or @ - me,'

. to decrease to some given fraction of m - mevdepénds on #he dimen-
" sion r because the values of N also depend on x. However, N, ,

N o s 4. e Nﬁ approach constant values in the Jlimiting cases

9 3
for whichihgr/kgf———y oo and hgr/kg ~~» (0, Examples -of the
first case are represented by equations (19).and (24))in which only
the grOUpIGXéAQ}-appears ag a variable in the right member of the
equations. In this case it i1s obvious that the time required for
‘m - ., to droﬁ to a given fraction of m, .= W, varies as'r2 » The
same relationship holds for specimens of other shapes, including
a finite surface layer of thickness r which is part of a semi~
infinite material. The second power relationship also applies to
m =~ m, at any given value of x/r in equations (1l4) dand (21) as
-hgr/kg — o0 except at the surface)where’x/r'Q 1 and
m-m = 0, The same results are}obtained with equations based ou -
the bther‘functions for g given in table 1,
The form which the equations for W . méftékes when hgr/kg;f—7 0
can be most easily determined from equation (23). }u,-—ﬁéhv-f)7r AR

hgr/kg — -0 and'all terms in the series vanish except the firsgf%br
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- N2 ()

which n =1, This term {s the product of the term ¢

and the indeterminate fraction

etV
A ZA{-f.4444f4tum¢f%)

which approaches 1/2 as N, > 0. From equation (22)
Ml = By e

2
p 88 le—-j. 0, it follows that Nl

very small values of hgr/k'g. In this case equation (23) thus takes

Since tan N, — N = hgr/kg for

the limiting form

¥V =P
-../rq‘

T AT | h, Bt/ on
— _T_e(i/f.})(/’ﬁ)z_e-s 7

3

K

" The ‘time required for @ - m, to reach a given fraction of m_ - m

\
- <

thus varies as r when 'hg:«r/lcg is very emall., Equation (21) also
approaches equation (39) as hgr/kg—-———> 0. This means.m = K for all

values of r and moisture gradients in the drying wmaterial vanish in

T,

this limiting case. : e

e

From its definition the timelag - for specimens of different

shapes .can.be "expressed in the forms
N S .Y - 1
T NP T /4f€%% ~

.=27-
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For large values of hgr/kg, N1 is a constant whose value depends

on the specimen shape. : For very small values of hg?/kg, Nl becomes

a_ L
N"= 7 &

where B is a dimensionless constant which also depends on the speci=-
men shape. When hgr/kg is very small, the.equation for 7 then

bgcomes
_ Bap »I |
T= "n% B (40)

’

Thus there 1s a second power relationship between 7 and r when
the Biot number is large,and & first power relationﬁhip when the
Biot number is small, :

The deri§ation of the relationships between 4~ and r has
been based on the analytic solutions to the moisture transfer equa-
tions. In tﬁrn, such solutions were possible only because of certain
simﬁlifying assumptions including that of constant kg. The question
then arises as to whether the relationships between 7 and r hold

when kg is variable., It can be shown that they do by means of a

similarity argument,

#

In equation (10), let x, y, z, and t be replaced with dimen-
sionless X, Y, Z, and t' such that
Xmx/r, Y=y/r, Z =2/r, and t' = t /o

-28-
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whére r 18 some approgﬁriate dimension of the specimen such as its
radius or half thickness and 7 18 the timelag for the specimen
. with the dimension r. Also let kg ‘be variable and given by the

equation

Ay = Ay § ()

where f(m) is a dimensionless function of m and kg' is constant -
and represents the value of kg for some given value of m. Equa-

tion (10) can then be written as. - ) ;

Do
a(ﬂw) 3(7‘2Y).,. g;;____eﬁ;%%n 2 2an,

{
1 / -
where of = E’%/(D « The dimensionless group (>4 ’T//tj"
_corresponds to the Fourier number &7 /fg"") which appeared in the

analytic solutions. Corresponding to the Biot number is the group

F

written in dimensionless form. However, as hgr/kg‘ — 0,

.the solution of equation (41) in terms of 'm -'m, will be & function
B / ,‘ .

.only of (Q’ ’T//‘L:" 4 . TFor specimens of the same shape, the

group O{”I"/A_:' is constant. Hence, for a given value of of ,J

N

7 . 9
T must vary as r .

-290-
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The relationship between 7 and r when hgr/kg-—é? 0 can
be determined in the general case from equation (18). kg may be
variable within'the speéimen, but since moisture gradients approach
Zero aé hgr/kg ~~» 0, the moisture content m can be considered cone
stant throughout the specimen or m = m, These cbnditiona would be
approximated by a block of wood coated with a paint film with a
high resistance to thé passage of moisture., If A is the total sur-
face area of the specimen and V its volume, equation (18) can be
written as . |

f’vi‘[z—"’z —@AAJ(W"W) . (42)

ot

The ratio V/A can be written as Br where B is the same dimensionless
shape factor that appears in equation (40). Equation (42) can then

be written as

_ (43)

Vol m‘_'BP"‘ i

which 1s identical to equation (40).

-30- .
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Preliminary Drying Rate Measurements

Althoﬁgh the details of the experimental work will not be
given in this paper, some of the preliminary results of drying
expériments will be briefly summari;ed to show therrelationship
between ‘T and thé specimen dimension r for several different
materials, Pigure 5 shows a dim:unsionless 103-103 plot of 474n

and r/ro in which 7~ is the timelag for a specimen temperature

Figure 5.~-The relationship between the timelag interval
7 and the specimen dimension r in which "rYQ; is
shown as a function of x.'/r‘D on a log-log plot, 7;was
chosen as 1 hour for all specimenms, r, was taken as
0.0867 inch for the birch dowels and sawdust layers and

as 0.125 inch for.the square basswood rods.
of 80°F., and r 1s the radius or half thickness depending on the
~ type of specimen, The values of ¢, and ro-were-chosen so that the
average position of the data on the chart would be approximately
the same for the three different kinds of specimens., These were
squar;‘basswood rods which ranged from 0.07 inch to 3.70 inches in

diameter, round birch rods from 0.063 inch to 1.00 inch in dia-

meter, and loosely packed sawdust layers 0,27 inch to 4.00

. S

-31-
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inches thick. The sawdust layers were in met#l trays and could

lose moisture from only one side,so the effective range of thick-
ness was double the preceding range of values, The line through the
data represents the theoretical second power scaling relationship
between. 7 and r which should exist when ‘ngr/kg is large. With the
exception of the pdints representing the smallest birch rod and the
smallest basswood rod (aﬁd also the points fﬁr the two thinnest saw-
dust layers), the agreement of the data with the theoretical line is
good, Possibly for the smaller sPecimeng)hgr/kg.is small enough to
cause deviatioq from the secoﬁd power relationship between ¢ and r,
It may be ‘that soli& woody materials with r less than 0.02 or 0.03.
inches, or sawdust layeré with r less than 0.1 inches, are in the
region where 4 varies as the first power of r. However, this has
not yet been.de;ermined experimentally.

Figure 6 is an example of the drying curves each of which yields

)
one value for 7 . 1In the basic curve, the quantity m - S B

Figure 6.-~The Quantity m - m, for a square basswood rod
0.15 inch in diameter is plotted as a function of the
drying time for a temperature of 80°F, and .a relative

vapor pressure of 0.41,

=32-
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plotted as a function of the drying time t on a semi-log chart,
With the exception of thie first few measurements, the pbints tend
to fall on ; straight line, the slope of which determines the time-
lag 7T . The intersection of this line with the t = 0 ordinate
gives the value of Eﬁ - me)which appears in equaéion (30).

The value of ké for any given specimeén can-be estimated

from the equation

_ AT 2 |
SRR '

Excluding the smallest specimen in each group, the mean
values of kg for'the-bigch and basswood rods was 2,34 x 10-11
seconds aﬁd 3.12 % 10’.'11 seconds, respectively, For thevséwdust
layers the mean value of kg was much greater, aboﬁt 17.4 x 10-11‘
seconds with the thinnest layer excluded. Apparently vapor diffusion
in the air spaces of the sawdust made it a much better conductor of
moisture than solid wood substance, This effect should be present
-evenfin a greater degree in some types pf‘forest fuels such as
layers or beds of conifer needles.

The data for figure 6 were obtainedvby welghing the basswood

specimens (six square rods 12 inches long and 0.15 inch in diameter)

at abéut 10-minute intervals while they dried in a room of nearly

~33-
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- constant temperature and constant relative vapor pressure. At the
end of the drying perioﬁ, the rods were ovendried and the W = m
values computed, The value of m, was taken as 0,09 throughout the

period.

Possible Effects of Air Movement, Radiation, and Evaporation Cooligg

There are complex intexactions between air movement, - solar
radiation, and evaporation cooling in their combined effect on the
rate of drying of forest fuels.  With the exception of the'early
stages of the drying‘perio&, evaporation cooling should have little
effeﬁt on the drying‘ratg if h'gr/kg is large. In the absence of
. radiation, wind should also have but little effect on the drying
rate of solid material if hgr/kg is large. Byram (é;j sﬁowed tﬁat
_ specimens in bright sunlight will have a lower drying rate if tﬁere
is wind than if there is no wind. In this case, the convective
.cooling of an airstream partially offeets the temperature rise due
to ra%iation and results in a smaller value of Ps' If.hgr/kg was
very émall,.the combined effect of wind, sun, and evaporatiom
would be determined by the product ths in equati&nA(AB). Alr
- movement would increase hg and.radiation woﬁld increase PB.’ On
the other hand evaporation cooling and convective cooling (in the

presence of Intense radiation) would tend to limit the increase of

P .
6

“34~
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Although the relationships have not been.determined experi-
‘mentally, air movement should have a greater effect on the drying
of porous materials such as beds of conifer needles or hardwood
leaves, than for solid material, The transport of water vapor out
. of the interior spacés by penetrating air currents should result

in a marked 'increase in kg.

CONCLUSION -

Depending on the nature of the moisture flow probleﬁ, some
.choices of the gradient, or "driving force," which induces the
- moisture flow, are wore suitable than others. However, in a mathe-
matical sense there aﬁpegrs to be no preferred cholce,

Analytic solutions to the moisture transfer equations, based
~on the assumption of constant ﬁroperties,-give-approximate but uséful
descriptions of the drying process fpr a variety of forest fuel
materials. In addition they result in a better insight to some com-

)
plex features of molsture flow, such as-those involving surface
transfer phenomena. However, some of the most significant relation-
ships, such as the first and second power scaling relationships be-
tween and x, can also be deduced by other methods. These doﬂﬁot

require the assumption of counstant properties, mor do they require

a solution of the ‘differential equations, ZEither approach leads
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to basic relationships which are helpful in understanding and
predicting the interacting effects of wind, solar radiation, and

.evaporation cooling in the drying of forest fuels.

14
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figure 1l.--Vapor pressure isotherms for temperatures of 72°F., and
°F. show the moisture content m ploiied as a function of the relative
vapor pressure i. These curves are those which Spalt (9) obtainea for

basswood for desorption conditions.
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Figure 2.--The parameter (3 is shown as a function of the moisture
content m for temperatures of 72°F., and 90°F. The ordinates of these

curves are equal to the slopes of the curves in figure 1.
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Figure' 5.--The relationship between the timelag interval o and
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r  was taken as 0,0867 inch for the birch dowels and sawdust layers
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Byram, G.M.; Nelson, R.M. 2015. An analysis of the drying process
in forest fuel material. e-Gen. Tech. Rep. SRS-200. Asheville, NC: U.S.
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It is assumed that the flow of moisture in forest fuels and other woody
materials is determined by the gradient of a quantity g which is a function of
some property, or properties, of the moisture content. There appears to be no
preferred choice for this function, hence moisture transfer equations can be
based on a number of equally valid definitions of g. The physical meaning and
dimensions of the mass conductivity £, will depend on the definition of g but
the mass diffusivity a is independent of g.

Simplified solutions to the transfer equations are expressed in terms of

the ratio #/z. The timelag 7 is a measure of the drying rate. It scales as the
second power of the appropriate dimension of the specimen, such as the half
thickness, when the Biot number is large but scales as the first power of the
characterizing dimension when the Biot number is small. Analytic solutions
are not possible when properties are variable but the scaling relationships
remain unchanged.

The basic theory of the drying process throws considerable light on the
complex interacting effects of air movement, radiation, and evaporation
cooling on the drying rates of forest fuel material.

Keywords: Down woody material, drying rates, fire, forest fuel moisture,
fuel drying process, moisture transfer.

Scan this code to submit your feedback
or go to www.srs.fs.usda.gov/pubeval




The USDA prohibits discrimination in all its programs and activities
on the basis of race, color, national origin, age, disability, and
where applicable, sex, marital status, familial status, parental
status, religion, sexual orientation, genetic information, political
beliefs, reprisal, or because all or part of an individual’s income is
derived from any public assistance program. (Not all prohibited bases apply
to all programs.) Persons with disabilities who require alternative means for
communication of program information (Braille, large print, audiotape, etc.)
should contact USDA’s TARGET Center at (202) 720-2600 (voice and TDD).

To file a complaint of discrimination, write to USDA, Director, Office of Civil
Rights, 1400 Independence Avenue, SW, Washington, D.C. 20250-9410, or call
(800) 795-3272 (voice) or (202) 720-6382 (TDD). USDA is an equal opportunity
provider and employer.



