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Foreword

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 I 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 I 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.1 

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. 

1Byram, 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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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 kg will depend on the definition of g but 
the mass diffusivity α is independent of g.
Simplified solutions to the transfer equations are expressed in terms of 
the ratio t/τ. The timelag τ 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. 
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