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ABSTRACT

Available data on the behavior of wood undergoing charring and
weight loss are summarized, both for isothermal heating and exposure to
radiant energy. On the basis that measured temperatures during radiant
heating behave as predicted by opaque semi-infinite solid theory and
that thermal degradation of wood is governmed by a first order kinetic
reaction, a differential equation is postulated for the charring process.
Schematic integration of this equation ylelds dimensionless groups which
are independent of a "charring temperature.n" Analysis of Naval Radio-
logical Defense Laboratory data leads to the conclusion that during
radiant exposure the charring process is primarily controlled by the
diffusion of heat into the interior of the solid, i.e., the effect of
rate-controlling variables is small.

Comparison of NRDL square wave and field pulse data leads to
the relationship for the equivalent square wave pulse: H (square wave)
= 0.60 H (field pulse), t (square wave) = 4.0 t_ (second maximum) .
This relgtionship holds over the entire range o L investigations
within the confidence level of data, and provides a satisfactory check
against National Bureau of Standards BUSTER field data.

Massachusetts Institute of Technology and NBS charring data are
compared against the derived dimensionless correlations. These data
yleld char depths which are 25 percent lower than MRDL results. This
differential is attributed to different heat flow directions relative
to the grain of the wood. This conclusion, however, requires clarifi-
cation through additional experimentation.

Naval Material Laboratory static exposure depth of char data
show large relative scatter and appear to be influenced by the finite
solid boundary. Dynamic exposure data yield correlations unlike those
of square wave (static) exposures due to the pulse shape imposed by
the method of exposure.

The presented correlations are believed directly applicable
to a wide variety of woods other than those tested, provided these
woods 4o nmot have a marked grain structure such as in Douglas fir.
Exposure of the latter type of wood produces a corrugated effect due
to the difference in density between spring and summer growth. The
rate of charring in each case must then be treated separately.

The role of initial temperature is not delineated due to lack
of significant variation in temperature and activation energy data.
However, the effect of initial temperature is believed to be small
since temperature enters the correlations as the absolute temperature
(OK). Also activation energies for most non-tropical woods appear to
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be in the range of 30 x lO3 cal/mele * 10 percent. It is suggested that
correlations be entered with T

o = 300°K for all initial temperatures
within the range of 0-60°C. °©

Deviations from the proposed correlations are discussed in the
light of f{inite solids and diathermancy effects. Recommendations are

presented for future work which should answer questions arising from
moisture, finite thickness, and diathermancy.
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INTRODUCTION

General

The charring of surfaced wood during exposure to thermal radi-
ation hag been studied experimentally by & number of investigators
during the past several years. Quantitative desceription of charring
has usually involved specification of the depth to which charring has
penetrated, i.e., the depth of char. In two instances assoclated loss
of weight has been measured.

The significance of quentitative measurement of charring is not
directly associated with the relative importance of charring as 'damage."
That is, charring will rarely constitute damage unless ii has been so
severe as to structurally weaken the wooden member. If such is the
case, sustained ignition will most probably occur, and the subsequent
damage enters the realm of fire rather than the realm of charring..

Knowledge of the mechanism of charring is gignificant, however,
in three ways. First, depth of char may be used as a passive indicator
of thermal yield and should provide useful corroborative evidence in
most situations due to widespread use of wood as a structural and
crating material. '

Secondly, such knowledge is useful in providing a means of com-
parison of thermal damage produced Dby constant radiation Intemnsity
(square wave) pulses and field (weapon) pulses. In this case an"equi-
valent" square wave pulse may be specified which may allow conversion
of a large quantity of thermal damage data obtained in the laboratory
using square wave pulses, In the same category one may place compari-
son of damage produced by different laboratory sources.

Thirdly, depth of char and weight loss data provide valuable
information on those mechanisms which precede ignition and which occur
during combustion of wood. Consequently these data provide a funda-
mental insight into these mechanisms. It is for this reason that
these data are of particular interest to the author.

Underlying the above applications there appears a set of funda-
mental questions which must be answered. First, what is the role of
thermal properties of the material and how are they grouped? What is
the effeet of irradiance level and exposure time, i.e., how does char-
ring scale relative to weapon size? To what extent does the rate of
thermal decomposition govern depth of char? lHow effective is molsture
in retarding char? It is quite apparent that fundamental conclusions
can be reached only through systematic correlation of all available
charring data. Furthermore, data correlation should be based on
dimensionless grouping of parameters or moduli which are consistent
with theoretical concepts of heat conduction and thermal decomposition.
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The purpose of thig report is to present an analysis which leads
to a series of dimensionless modylj and to derive empirically the

" relationships between them,

Historica]
Levblical

Depth of char measurements have been made on two species of wood
during Operation BUSTER, 839 are reported by Robertson of the National
Bureay of Standards (112);— Laboratory measurements on severs] differ.

ent species of wood exposed under conditions of constant, irradiation

NBS (4,8). Depth of char and associated welight loss have beep investi-
gated by Martin, Butler ang Plum of the U. s, Naval Radiclogical Defense
Laboratory (9) after €Xposure to both constant irradiance ang 5 simulated
(laboratory) fielq pulse. The NRDL datsa represent the most extensive of
those reported ag to irradiance Level, pulse time, and pulse shape
although this investigation wag rade on a single Species of wood,

characteristics were used and in general the detailed method used to
Deasure char depth varied. Methods of Reasurement will e discussed in
detail in a later section.

Correlation of depth of char during constant irradiation has been
Proposed by Williams (7) and Masters (10). Both correlation procedures
utilize dimensionless groupings based on heat conduction theory which
Tequires specification of the "temperature at which incipient char
OCcurs." Williams bages his analysis on the temperature profile ocour-
ring at the termination of the square wave exposure. Masters considers

as derived previously by Lauwerier (11). Both analyses consider the
wood specimen to be g homogeneous, semi-infinite, opaque, inert selid.
Heat losses due to convection and/or back radiation were not considered.

While the latter postulates may be quite necessary from a theo-
retical point of view, the Imposition of a charring temperature does
not conform to our present knowledge of the mechanism of charring which
indicates that thermal decomposition is a time-dependent ag well ag
temperatureudependent phenomenon., Thig deficlency in analysis is
exemplified by the necessity of using different "charring temperaturegt
for each set of data analyzed. Furthermore, it ig diffieult 4o conceive
& description of welght loss based on temperature alone,

1/ Numbers in parentheses refer to Literature Cited, page 66,
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THERMAL DECOMPOSITION OF WOOD

The concept of thermal decomposition as a kinetic reaction has
been employed successfully by Bamford, Crank and Malan (}g) in the
mathematical treatment of the ignition process. Thegyal decomposition
was treated as a first order kinetic reaction, i.e.,~

dw E
T3 = ¥ exp(- RT (1)

While these theoretical results were not extensive enough to deseribe
the complete system the results show excellent agreement with experi-
mental data on ignition and charring reported in the same paper. Thus
it appears that treatment of decomposition as & first order reaction
is an adequate and necessary element in theoretical treatment of
thermal damage.

The thermal decomposition of wood during heating in a constant
temperature envirorment has been studied by McNaughton (13), Wright
and Haywerd (14), Stamm, Burr and Kline (15), and MacLean (16,17,18,19).
Mitchell, Seborg and Millet (gg) have investigated decomposition of
wood derivatives. Thermal decomposition rates for paper and other
electrical insulating materials are reported by Kujirai and Akahira
(21), and Murphy (22). These studies indicate that rate of weight loss,
production of gases, and loss of strength are time-dependent as well as
temperature-dependent quantities. MacLean (16) investigated a number
of hardwoods and soft woods, and found that hardwoods disintegrate more
rapidly than soft woods, presumably because of higher hemicellulose
and lower lignin content, although the difference was not marked. He
also concludes (19) that the effect of moisture would increase hydroly-
sis of the wood components and hasten deterioration. Increased humid-
ity of the surrounding air has the same effect. For both hardwcods and
soft wood he observed that when weight loss was from 35 to 45 percent
of the original oven-dry weight the samples '"were well charred and
could be easily broken or crumbled by hand.”

The increased rate of decomposition due to moisture is also
found in the data of Mitehell, et al. Samples heated in closed con-
tainers lost weight much more rapidly than those flushed with small
amounts of air to remove the water vapor resulting from decomposition.
These data also show very similar weight loss when sawdust was heated
in a circulating air and nitrogen atmosphere indicating that weight
loss was substantially due to decomposition rather than oxidation
although the presence of oxygen increases the amount of products
produced.

2’ See Nomenclature, page 70.

-11-
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When the time of heating is long compared to the time required
for the sample temperature to reach equilibrium with the environment
the process may be considered, without seriocus Error, to be entirely a
constant temperature process within the wood. Equation (1), integrated
at constant temperature, becomes

In w = - ug exp(- %T (2)

The total weight of gas produced by decomposition is not equal to the
total dry weight of wood substance. The data quoted by Klar (23) and
Blanchard (24) indicste the weight fraction of inert material to dry
wood, f ,"to be in the order of 15 percent under nonoxidizing condi-
tions. This inert material is mostly carbon which will combust in the
Presence of oxygen provided the temperatures are sufficiently high.
The ratio of weight to initial dry weight becomes

wo=w(l—-f)+f (3)
or
W
v = ____..m.loﬂ-ff (4)

Values of w were computed, using f = 0,15, from the data
reported by Mcgﬁughton using equation (4) and are plotted as -1n w Vs
8 in figure 1.~ The linear relationship indicetes that the temporal
relationship of equation (2) is satisfied. Slopes of figure 1 for each
temperature are plotted vs 1/T in figure 2. The 1linear relationship
indicates that equation (2) describes the decomposition Phenomenon, at
least within the temperature range investigated.

Numerical values for the veloeity constant and activation energy
can be found from figure 2. These values (table 1) are seen to compare
favorably with values used by Bamford, et al (12) to allow Juxtaposition
of their theoretical and experimental results. —

Stamm (25) has examined a number of decomposition date (15,16,17,
18,19,20) on & similar kinetie resctiop basis except that in the cage
Of welght loss f was taken ag zero. The results of Stamm, expressed
as velocity constants and activation energies, and similar constants
for various electrical insulating materials are also shown in table 1,

3/ These data are also corrected for initial moisture content
(approximately T percent) as moisture can be assumed removed during
the short heating period required to reach equilibrium temperature
conditions,
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Table 1.--Activation energies (E) and

veloeity constants ()

for welght lcss during therm

al decomposition

(oven heating)

Temperature
Material E B4 range Ref.
kecal/mole sec g

Hard maple Y 33,1 Y 1251010 107-150 13
Wood (species not 8 gz
Coniferous wood 29.5 5.1}:1011 93.5-250 25
Sitka spruce (under 11
molten motal) 29.8 2.3x10 167-300 25
Douglas-fir sawdust 25.0 l.9x109 110-220 25
Alpha cellulose 26.0 4.8x109 110-220 25
Hemicelluloge 26.7 3.6x1010 110-220 25
Lignin 23.0 8.9x107 110-220 25
Cotton 32.1 Y 1 .3x10'2 165-265 21
Filter paper 31.0 1/ 7.5x1011 165-265 21
Linen 31.0 Y 4 sx10™t 165-265 21
Manila paper 31.7 Y 5 ex10t2 145-265 21
S11k 32.7 Y 5.9x1012 125-265 21
Empire clothé/ 25.5 7 3.8x109 105-265 o1
Kraft and linen 4 33.5 - 100-225 22

condenser paper

1/ Compiled by author fr
2/ Temperature r
3/ Cotton cloth
4/ For rate of g

om referenced data.
ange of theoretical analysis.
treated with lingseed oil.

as evolution,




SUMMARY OF DATA

Property Values

Depth of char and weight loss measurements have been made on a
variety of woods ranging in density from 0.16 to 0.73 gm/ce. In all
cases exposures were made in the radial or tangential grain directions,
i.e., no end grain (longitudinal) exposures were made. The range of
variables and conditions of exposure are summarized in table 2.

Thermal conductivities and diffusivities were computed from coz7
responding densities using the relationship presented by MacLean (26)~

K = [(4.78 + 0.097M)p,, + 0.57] X10°% 5 0 <M < 40 (5)

and the average specific heat of dry wood from Dunlap (gz). Specific
heats for wood containing moisture were calculated using the method of
Byram (_2_8‘1:9'13)

¢ =0.33 + M+ Ac ’ (6)
where Ac_ represents the elevation of specific heat due to the heat
of desorBtion of bound water. Densities were corrected for swelling

or shrinkage using the relationship (31)

oM Pp
Pp = T 0.000 1 oy and py = T 5000 W o5 (7)

4/ ‘The conductivity-density relationships presented by MacLean
refer to heat flow in the partly radial and partly tangential direc-
tions and appear accurate to *5 percent. Earlier work by Wangaard (29)
indicates that for hardwoods radial conductivity is 5 to 10 percent
greater than tangential conductivity, whereas in soft woods differ-
ences were not detectable. This difference in hardwoods is atiributed
by Wangaard to the influence of the radially oriented wood rays., Ray
volume im soft woods is so small that this differential influence is
insignificant. Wangaard (30) has also studied the longitudinal con-
ductivity of Douglas-fir and found that the ratio of longitudinal to
transverse conductivity varies from 2.3 to 3.8 depending upon the fib-
ril angle. Since conductivities along the grain appear several times
the transverse value, specimens cut cross-grain, as is gemerally the
case with commercially cut exotic woods showing no ring growth, may
have thermal conductivities appreciably higher than Indicated by
equation (5) depending on the degree of cross grain present. Although
data to the contrary are not apparent application of equation (5) to
exotic species should be done with caution. Balsa, however, appears
to correlate well with equation (5) (26).

-15-
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Thermal conductivity, diffusivity, and ~/kpc were computed from
the above equations on the basis of prevalling moisture content and on
a dry basis. Values used throughout the analysis are displeyed in
table 2.

‘Depth of Char Measurement Techniques

"Depth of char' represents a relative measurement at best since
charring is a progressive process and char depths reported under iden-
tical exposure conditions are apt to vary between experlmenters. The
degree to which an experimental technique is related to another is most
difficult to assess. This in itself is & factor which must not be
overlooked.

'NRDL measurements (31,p.23) were made by brushing samples with
8 8tiff nylon-bristled brush to remove all loose char. Char depth was
then ‘measured with a dial indicator. Reported values represent the
mean of 7 or 8 determinations. Standard deviations are also reported.

NML char depths were determined by sectioning the specimen af'ter
exposure; then with a traveling microscope, measurements were made of
the distance from the unexposed surface to the "point of deepest char.m
Data are reported only in graphical form and statistical measures are
not quoted. NML data on hard maple sapwood (2), as reported, are the
result of cross plotting, since curves of uniform depth increments are
presented. This In itself seriocusly reduces the applicability of these
results.

Two values for depth of char are presented by the MIT measure-
ments. One value corresponds to the "easily discernible transition
from the black 'complete charred! condition to one that is only a
dark brown." The second value represents "the farthest depth of pene-
tration for any discoloration of the natural wood." Measurements were
probably made by optical means although the technique is not reported.
Data on single determinations are reported.

Laboratory determinations of char depth reported by the NBS
were determined by sanding down the specimens until "char was Just
removed.” Date on individual tests are reported. Field data were
determined by sectioning the sample and measuring the depth "to the
bottom of the charred layer" with =a traveling microscope and/or hy
optieal projection. Reported values are the average of the two
methods for several specimens exposed at the same station.

Weight Loss Measurement Techniques

Semples exposed by NRDL were equilibrated at 43 percent rela-
tive humidity (7.5 percent moisture), weighed, exposed, and returned
to the humidity chamber for at least 2 hours before final weight was

-17-




determined. Weighing was done prior to removal of char and Presum-
ably at the original moisture content. Data are averages for 7 or 8
determinations.

NBS weight loss was determined from before and after weighings.
Reconditioning was unnecessary since samples were exposed oven dry.
Data on single determinations are reported.

DERIVATION OF DIMENSIONLESS CROUPINGS OF PARAMETERS
General

Before carrying out derivation of the dimensionless moduli it
is perhaps worth while to discuss available information concerning the
behavlor of wood during exposure to thermal radiation. The reader will
recognize the extreme complexity of an "exact" solution to the problem
of charring and weight loss. First, wood is not isotroplc with refer-
ence to its thermal properties and is not generally homogeneous along
its prineipal axis due to variation in density between spring and
summer growth. During irradiation, surface absorptance and diather-
mancy vary with respect to the degree of surface charring, and as the
wood undergoes decomposition its demsity and thermal conductivity like-
wise change their magnitude.

A rigorous thecretical solution of the charring process would
require consideration of these variations of thermal properties with
temperature, degree of degradation and moisture, chemical oxidation
reactions, attenuation of radiant flux by smoke, convective and re-
radiation heat losses, movement inward of the exposed surface due to
charring, and other extremely complex boundary conditions. Fortunately
the behavior of wood appears to follow quite closely the most simple
theoretical postulate for temperature variation, l.e., the opaque,
congtant property, semi-infinite solid neglecting heat losses and
chemical reactions (32,p.56).

Little 1s known of the precise state of charcoal formed under
various rates of heating. Available data, however, suggest that the
diffusivity of charcoal is of the same order of magnitude as that of
the original wood, although individual values of density, conductivity
and specific heat are variable. This suggests that an assumption of
constant thermal properties may be a much better approximation than
appears at first sight.

Measured temperature gistributions in oven-dried wood specimens
during irradiation by a 2000°K source (graphite resistance furnace)
have been correlated within the scatter of data by Williams (T,p.72)
against the opaque semi-infinite solid solution. Williems remarks that
"the absence of any diathermancy effect is somewhat surprising.”

-18-
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Gardon's temperature measurements (22) using a solar source suggest,
however, that wood is diathermanous to at least a portion of this
shorter wave length radlation. When the wood surfasce was blackened
with india ink results agree closely with the opaque solid sclution.
Thus diathermancy appears to be of secondary importance and may be
considered as a perturbation.

Temperature measurements in moist (10-13 percent moisture con-
tent) and green (212-230 percent moisture content) wood samples are
also correlated with the opague solid solution by Williams (1,p-77-86)
within a maximum deviation of 40-50 percent, provided the specific
heat is increased in the amount suggested by Byram (g@) to aceount for
the heat of desorption. The fact that moisture apparently does not act
as a heat sink (due to the heat of vaporization) in the interior of the
wood 1s ascribed by Williams to be the result of rearward migration and
subsequent condensation of water vapor.

Successful correlation of heat and mass transfer data in gimilar,
but usually less complex, problems generally follows a methodology which
first involves specification in mathemstical terms, viz., a differential
equatlon, the known or postulated behavior of the phenomenon under study.
A relatively limited number of "classical" equations may be considered
rigorous in this respect. One must usually work with a simplified
model of the process which, however, must contain the ma jor fundamental
aspects under consideration. Certain further simplifications may be
mathematically necessary to obtain a formal solution or to set up the .
problem for computation techniques.

The final product rarely results in exact numerical magnitudes
when compared with data; it does however define dimensionless groupings
of parameters and their relative influence, orders of magnitude, and
expected trends. This information is of great importance to the exper-
imenter in that he may predetermine the range of Interest of variables
and accuracy desired, and correctly schedule testing so that data are
uniformly distributed over the range of interest. The data analyst may
now apply correlation procedures which are theoretically sound. He must
at times, however, use empirical procedures to correct for deficiencies
in the original analysis, especially in the often occurring case where
thermal properties vary during the process due to extreme variation
of temperature or concentration, cf., Williams' treatment of moisture
In wood during irradiation (Tip.T7) -

The derivation of dimensionless groups or moduli does not require
formal solution of the postulated equations. Moduli mey be found by
the procedure of dimensional analysis, or more rigorously from the dimen-
sionless form of the differential equation(s), or by symbolic integration
of the equation(s). The latter procedure will be used in the next section
to define those groupings relating to charring and weight loss.
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Specification of Dimensionless Modull for Square Wave Exposure

The fundamental postulate involved in the following derivation i1s
that "charring" occurs when the density ls reduced sufficiently by de-
gradation, or more specifically when the ratio of density to original
density reaches a given value. Thisg definition is in conformance with
the findings of Maclean (19), hovever, since Y"charring" 1s a queation of
degree, this density ratioc may vary between Investigators due to the
gpecific method of determining "depth of char."

Since the weight loss during degradation follows a filrst order
kinetic regetion, a reasonable assumption 1s that density changes,
occeurring at a fixed position, x, within the selid, may be represented
in a like manner, viz.,

'E(g%} = u e (- ) ®

iy

Since volume changes of samples heated at constant temperature appear
relatively minor, the constants p and E should be approximately those
for weight less (table 1), The influence of a non-zero value for f,
equation (3), appears relatively minor provided f ias small and large
density changes are not considered.

Equation (8) is presented graphically in figure 3 using the veloc-
ity constants and activatlon energies determined by Stamm (8?? for con-
iferous weed and Sitka spruce, The former constants hold for weed under
oxldizing cenditions while the latter are for non~exidising eenditions,
The data of MuN&ughtan are not preaanted aince the rather large extra~

The temporal variatlen of temperature at pesition, Xy during 8
gquare wave expegure may be approximated by the theoreticsgl gelu$ion for
the epaque geml-infinite golid, For the boundary cenditiens that

3T

e sol,0<0<Y
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This selutien may be written as (32,p.57)
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Equation (8) may now be written in dimensionliess form, after introducing
equation (11), as

1 ap+ + -3 + +
(2, = wT e [ R0, (12)
o'\ L+
2
+ +  ofx
where p =S—,u+=%—)—c—,E =%,X =ET-- and
o
-1

F, = [1 + xR (ne,n)] . Integrating equation (12} we obtain the
density distribution as a function of time, 1

+
o + m _
\]; (ag;) = u+L/’ exp [—E+ Fé(x+,n2,n) | 3 dn (13a)
ﬁ X+ ) ;
n " = Fy (uF, B, 5", n,m) (13v)

. . . +
where p+ is now the density variation at constant x .

Ineipient charring is assumed to occur at a particular value of
P, say B, At large times after exposure, sufficient for the tempera-
ture profile to decay, i.e., > 0, the density ratio B appears at
X equal to the depth of char, d. Hence after exposure we have

1n p+ = F3 (u+, E+, x+, Nos 0) - (13c)

hence

al (134)

+ _+
ImB=F (W, E,x,, 0); [x

The correlation equation then assumes the form (since B is a constant)

2
ofd d pd E ) (14)

=F
XT bo/at ’ a 7 RT
o] [®]

or any number of alternate forms generated by multiplication of powers
of two or more variables, i.e.,

T 2
gi{ng(TOMt pd E)

) )
kTo 'dVEE; & R-To

0oL




. F /T pt E
A% 6(TO«/Epc ’ 'Ry /

end others.

It is desirable to change the form of equation (13c) in a like

manner so that x appears in only one of the variables, viz., UPE
+ + +
lnp = FT (I-J-t s E , H s ﬂg) (]—5)
where H' = _gﬁﬁi; « The change in weight AW , resulting from the
TdVch .
density distribution of equation (15) is
AW = Apoj ® (1-p%)ax ' (16)
or
+ +
S [T e Flut s BT ET, 0] e (17)
p_Avat : ]
o) o
resulting in a correlation egustion for weight loss
AW '(’ Q:H‘\/-_t E Y
t , —!
p_ANRT Fa\7 e 7MY RT (28)

or other alternate forms.

rial, we anticipate ourselves and inquire into the groupings which

B does not appear to be a true constant (34). However, since wood
appears only slightly dlathermanous, it is reasonable to assume B

as a perturbation upon the opague solid.

The maximum surface temperature rise of an opague solid is a
oWt

Tovkpd

funcetion of the irradiance modulus

, viz.,
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At this point, for the purpcse of consolidating analytical mate-
portray the behavior of a slightly diathermanous material. For materials

which exhibit an absorptdion coefficient B , independent of wave length,
there is introduced another grouping pvat or Bx (7,p.23). For wood

constant, which may be determined empirically, and to treat diathermancy




(ar,) max 2 o/t
T, TV T ke | (19)

O

Similarly, the maximum surface temperature rise of a diathermanous
solid is given by the expression (33,p.14)

(AT )
o'max 2 alvt
——— = S= . = F(pvat) (20)
T0 NI TOVKEE
2
where F(pvat) = 1 - egféf[é AT (Bugfﬂ (21)

The function F(pyat) is shown graphically in figure 4. The sur-
face temperature rise of the diathermanous solid is seen to approach that
of the opaque solid as time increases, F(psat) assumes the limiting
forms for large and small times

F(BvEE) = 1 -2-5-%_ , 50 < pJat (22)
F(pvt) = 42 pyat , pudt < 0.05 (23)

From a strictly empirical standpoint, the irradiance modulus as origin-

ally derived is replaced by the more general expression-TQ%%zﬁ x F(psat).
o P

Field Pulse Fxposures

An identical analysis will lead to the correlation functions for
the field pulse with H replaced by H_ (the maximum fiux) and +t
replaced by t_ (time of the second ma¥imm). The relationships will
obviously be numerically different although their behavior should be
very similar.

CORRELATION OF DATA
Selection of Dimensionless Moduli

Since it appears, at the onset, that the depth of char -%%—

0]
and weight loss pAXMEi moduli are at least a function of three other
Q

dimensionless moduli, a short discussion of the significance of these
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Parameters will simplify their application to the experimental data.
Notice that the moduld do not contain a "charring temperature," This
is of course a result of the introduction of the rate equation, equa-
tion (8), and the postulate that charring occurs at a particular (but
unknown)} value of the density ratio, p~ = B.

the data at hand, These moduli fall into two general categories of
significance, those which govern the behavior in terms of the chemical

reactivity, i.e., ut and ﬁ%_ » and those which pertain to the diffu-

o
Slon of temperature into the interior of the solid. Since the veloeity
of propagation inwards (of the depth of char) is associated with large
temperature gradients, the process may be controlled during the tran-

by the temperature gradients themselves (diffusion controlled). The
steady state condition, i.e., the velocity of propagation becomes
constant, is brought about by mutual interaction between an endother-
mic charring reaction, heat losses, and energy supplies through econduyc-
tion.2 Under such conditions the process may be considered either
rate- or diffusion-controlled. Such is the case during combustion of
liguid fuels (35) and during the high temperature reaction of graphite
With carbon dicxide (36).

Intuitively, continuous €xposure of an infinitely thick solid
should eventually result in steady state since 1f the veloeity of propa-
gation were to continuously decrease, the absurd situation finally
results that additional charring ceases to oeccur perceptibly. If the
- velocity were to Increase, ad infinitum, one would suspect a substan-
tial exothermic reaction within the interior of the semi-infinite soliq
which is contrary to the findings of Byram (28) and Robertson (4).

This 1s not to be confused with the exothermio oxidation (combustion)
reaction which takes place adjacent the surface during flaming or

Selection of moduli ig then concerned primarily with correlation
during the transient bhase, Groupings chosen representative of rate-
controlled process should, by suitable multiplication of groups, be

é/' Sﬁeady state does not oceur, in this sense, during isother-
mal degradation since temperature gradients are small leading to g
completely rate-controlled Dprocess.
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independent of thermal conductivity. ThHe author has preferred to use
the following forms of equations (14) and (18) wgé?h appear suitable
for diffusion-controlled cherring and weight los

-

Moo | By rews) i}
L T Vkoe KT
[ (24)
AW ol t R
—— =G, |——— x F(pvat) —_
pAvat 1 {Toﬂfkpc ’ RTO
and for rate-controlled charring and weight loss
pchO —q r . E
oy " e[t 7 ET,
- ; (25)
AWeT r 1
o E
“GEg = G3|Ht s RT_

Correlation of NRDL Data

Depth of char and weight loss data of the NRDL represent the
most extensive date on a single species of wood and are also documented
in regard to their statistical relisbility. For these reasons the
author has selected this set of data as the primary basis of compari-
son.

The first obJective 1s to delineate between the assumptions of
rate- -or diffusion-controlled cherring. Figures 5 and 6 show the
results of applying the proposed depth of char correlation for a rate-
controlled process (equation (25)). The reaction velocity constant p
and E/RT0 are constants for this specles of wood and as such do not
appear on these plots. The absorptivity of the unexposed sample «
ig also constant and has been assumed unity for reasons which will
appear later. Other thermal constants have been computed at zero mois-
ture (dry basis). This does not invalldate the procedure since use of
properties evaluated at current moisture (wet basis) would shift all
data points by the same amount. Rate-controlled weight loss correla-
tions ere not shown since they are characteristically similar to those
shown for depth of char.

6/ Subscripts are dropped in the interest of generality.
Property values are those of the unexposed sample.
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Depth of char data for the square wave exposure are correlated
on a diffusion-controlled basis in Tigure 7, albeit to a somewhat
reducad scale. Data are plotted uncorrected for diathermancy, i.e.,
F(pval) = 1. The greater degree of correlation on the later basis is
evident, especially during the initial (transient) stages of charring.
Correlation of uncorrected field pulse data (not shown) presents a cor-
responding degree of correlation. Thus 1t appears that the more pProper
Procedure is to present charring data in accordance with the correla-
tions suggested by equation (24), i.e., diffusion-controlled basis.

Examination of figure 7 shows that at higher irradiance levels
smaller char depths result at the same value of Hvt than at lower
irradiance levels. This differential decreases as time increases
indicating that wood is to some extent diathermanous, even though the
surface 1s charred. When the irradiance modulus is corrected for
diathermancy (figure 8) by multiplying by F(p~at), the correlation is,,
substantially improved. (Nofe the better correlabion of the 21 cal/em
sec data with the 3.6 cal/em® sec data.) The valui of ahsorption
coefficie? was empirically chosen as B = 100 em — +to afford the
best fit.:l Gardon (2212129) concludes that for uncharrg wood
B = 10 cm or greater, which suggests that B = 100 cm is at least
the correct order of magnitude for charred wood.

The maximum correction applied amounts to 25 percent, i.e.,
F(BvAt) = 0.75. In this respect the applied correction may be con-
sidered a perturbation and as such the assumption made during deriva-
tion of the dimensionless moduli was essentially correct.

Depth of char correlag}on is displayed in figure 9 with corres-
ponding standard deviations.> The solid curve represents the best
visual fit through the data, exclusive of the 2.5 cal/cm sec irradiance
level. The approach toward the 1:2 slope indicates steady state as
previously defined. Apparent deviations from this condition at large
values of char depth will be discussed later,

Weight loss data for square wave exposure, corrected for diather-
mancy, are shown in a similar mammer in figures 10 and 11. 1In this
case the 1:1 slope indicates steady state.

7/ This value of absorption coefficient is agssumed constant,
independent of species.

8/ Ninety-five percent confidence band equals *2 standard
deviations.
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Charring data for the simulated field pulse exposures are treated
in & corresponding mamner in figures 12, 13, 14, and 15. Use of the
identical correction for diathermancy, i.e., F(pvat ) , is of course not
rigorously correct., The function F will necessarily be numerically
different for the square wave and field pulse exposures; however, the
general behavior will be much the same and values are expected to be
of the same magnitude. Due to the lack of an analytical solution for
the latter case we must apply the square wave correction in the manner
indicated more as an order of magnitude than an exact correction.
Careful examination of figures 11 and 13 (ef., H_ = 22-26 cal/cmsec)
indeed indicates an over-correction of the irradiance modulus.

The simllarity between figures 8 and 12, and figures 10 and 14
is striking although not unexpected. By simultaneous horizontal and
vertical translations the field pulse data may be superimposed upon
the square wave data. This procedure results in the relationships
between the square and fileld pulse irradiance and times scales

0.60 H_ l

b= 4.0t |

'

H

(26)

which define the “equivalent square wave exposure."

Field pulse data are plotted in terms of the equivalent square
wave in figures 16 and 17. Comparison with the square wave data is
excellent over the entire range considering the stendard deviation of
the individual points. The weight loss curves appear slightly displaced
(10 to 15 percent) since equation (26) was derived primarily from the
depth of char correlations.

Attention shouég be called to those points labeled 12.6 caL/cmesec
in figures 16 and 17.~ Data for this irradiance_level were determined
with a specimen diameter of 3/4-inch (A = 2.90 cm”) while all others
represent a specimen diameter of 3/8-inch (A = 0.745 em™). Agreement
of the larger diameter specimen data is excellent.

9/ TUnpublished data, private communication from C. P. Butler.
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Correlation of NBS and MIT Laboratory Data

Laboratory data on depth of char for square wave exposure are .
correlated on a dimensionless basis in figure 18, NBS data are shown
on a dry basis using thermal constanits of table 2. MIT éxposures were
made on ovendry samples so that wet and dry bases coincide. NRDL data
and the previously determined correlation are shown for comparison.

The N85 and MIT data correlate between species within the maximum spread
of data for a single species, about +25 percent. On the average, the
char depth modulus appears 25 percent less than that determined by NRDL.

Since the MIT data represent the only depth of char measurements
made on ovendry wood It is interesting to effect a comparison on both
wet and dry property bases, Figure 19 displays the NRDL correlation
on & dry basis and on a wet basis. Use of wet thermal property values
results in a uniform shift of all NRDL data points in a direction away
from the MIT data. NBS data correlated on a wet basis would result in
a similar shift of approximately the same magnitude. The reason for
use of dry properties is now evident; the dry basis affords the better
correlation with depth of char measurements on overidry wood.

NBS welght loss mgasurements on ovendry wood exposed at an irradi-
ance level of 8,5 cal/cm sec are compared with the NRDL data _corrslation
in figure 20. Specimen area was 3/4 x 3/4 inch (A = 3.63 em”). Agree-
ment with NRDL data on a dry basis is excellent although this result is
not conclusive as will be discussed later.

Correlation of NBS Field Data

Depth of char measurements on balsa and mahogany exposed during
Cperation BUSTER are compared with NEDL simulated field pulse data cor-
relation in figure 21. Thermal energy received at each of the three
specimen stations were computed from the shot geometry and thermal
energy-distance curves reported in the final thermal radiation measure-
ments report (zz). Peak pulse irrasdisnce values were found by dividing
eneigy by the ecorresponding pulse shape factor and time to second maxi-
mum—' reported in (38,sheet la.l). Since specimen moisture contents
are unknown the advantage of being able to use dry properties is apparent.

Correlation of NML Data

Depth of char measurements have been made by NML using both the
dynamic (moving strip) and static methods of exposure. Dynamic exposure
results are plotted (é) as energy vs depth of char. Exposure times were

QP
- = B . 2 e
10/ H 5t where P i

n " m m
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@ PONDEROSA PINE
2 BIRCH (sAPwWOOD)

x F(B+01) (DIMENSIONLESS)

NRDL SWP DATA — DRY.BASIS
NBS DATA ~ DRYBASIS—__
10 7
10%
Q
Q.
SIS 50 ’
o 2 L
»
3 NRDL DATA= WET BASIS {7.5%
a MOISTURE ¥
o
=
11}
Q
£
! _
g 10O
x 1.0 5.0 10 50

CHAR DEPTH MODULUS = B (DIMENSIONLESS)

Figure 19--Comparison of wet and dry basis for depth
of char correlastion

Correlation of NML Data

Depth of char measurements have been made by MML using both
the dynamic (moving strip) and static methods of exposure. Dynamic
exposure results are plotted (6) as energy vs depth of char. Exposure
times were derived by dividing_energy values read from the presented
curves by the irradiance, 85 cal/cm sec. These results are compared
with the NRDL data correlation in figure 22.
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derived by dividing energy values read from the presented curves by the
irradiance, 85 cal/cm®sec. .These results are compared with the NRDIL data
correlation in figure 22. ’

Static exposure results are presented (2) as energy vs irradiance
for incremen}al values of char depth, i.e., 0.2, 0.3 ..... 1.8 mm.
- Threshold,LL blackening,él/ and burn-through (3.2 mm) values are also
presented. -Exposure times were derived by dividing energy values corre-
sponding to plotted points by the corresponding irradisnce. These points
are presented for integral values of char depth and as such reflect any
"smoothing" of data during this procedure. Figure 23 displays the dimen-
sionless plotting of these resulis.

Irradisnce modulus corresponding to threshold damage and surface
blackening are Ylotted vs irradiance in figure 24 for B = 100 em~l and
for B =-10 em~t. TUse of the latter value greatly improves the correla-
tion, sinee the irradiance modulus for threshold effects should be
independent of irradiance level.

~ DISCUSSION

When considered by themselves the NRDL data appear correlated
within the confidence level associated with determination of the plotted
points (#15 percent for depth-of char, *10 percent for weight loss),
excepting the 2.5 cal/cm@sec square wave exposures (figure 9). For this
irradiance level the irradiance modulus is substantially greater at cor-
responding values of both char depth and weight loss moduli than
indicated by their respective correlations. B?ck radiation heat losses

ol ¢oT4

m
) Where 0 < o:ngl'

The greater the ratio, the greater the relative losses. Since the entire
charring process apparently takes place in a temperature range of 200 to
3500¢ (cf., figure 3), a qualitative estimate of minimum back radiation
losses for H = 2.5 amounts to 5 or 10 percent. Thus it appears that
the greater values of irradiance modulus may be ascribed to surface heat
losses. -At larger values of irradiance modulus the 2.5 irradiance data
tend toward the steady state portion of the correlation curve since
steady state is the result of equilibrium existing between net energy
supplies and energy required to degrade the wood structure.

are, nondimensionally, a function of (1 -

11/ "Threshold" apparently corresponds to scorching of one grain
(summefnﬁood) and "blackening" to scorching of both grains (Banet, L.,
and Grinoch, P., Critical energies of materials employed in Material
Laboratory GREENHQUSE studies. NML Lab. Project 5046-3, Part I final
report. 1951.)
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For values of irradiance modulus greater than 20 the tangent of
the square wave correlation curve appears to incresse, indicating the
time rate of charring is decreasing. An apparent increase in slope
also appears in the square wave weight loss correlation (figure 11)
and in the NMI, depth of char data (figure 23). This Phenomenon, how-
ever, does not appear to any great extent in the field pulse data
(figures 16 and 17) or in the NBS field data correlation {figure 21).
It is for thls reason that the author has held the proposed corre-
lation at the 1:2 slope.

It is quite important to speculate on the reason for the diver-
gence of the NRDL data from its proposed course since the slope of the
correlation curve measures the time dependence and hence scaling for
weapon yield. The NRDL investigators (2212232) note that surface
spalling results during square wave exposures of the same energy as
field pulse exposures wherein spalling does not occur. It is difficult
to ascertain the effect of spalling although quite possibly the vapor
pockets formed may impede the inward progress of the charred surface.

When char depths become large, surfaces do not remain parallel
to their original plane (2,2.12), and the angle of divergence at times
exceeds 20 degrees. Aside from causing some difficulty in measure-
-ment of char depth the original assumption, that the radiant flux is
normal to the surface, is invalidated.

Again at large char depths the surface exothermic process (glow-
ing) proceeds after termination of the exposure (9,p.6). The hypothesis
of steady state includes this post-exposure pericd since it undoubtedly
occurs during all exposures, relative, however, to the exposure time.
Goncurrently 1t is noted that the back surface temperature .did rise
considerably when char depths (and weight loss) were large, viclating
the condition of the semi-infinite solid. Returning to the NML data
(figure 23) we note that the "burn through" points correlate well with
the remainder of the data. This indicates to the author that the
decrease in charring rate is associasted with approaching burn-through,
i.e., violation of the semi-infinite solid. Furthermore, ratio of maxi-
muin char depth to specimen thickness (table 2) is substantially less
for the field data, which follow the steady state hypothesis, than for
the remaining data.

"The question now arises as to the effect on the temperature
gradient as the finite solid eonditlon is approached. If one considers
only molecular heat losses (conduction) from the rear surface the
departure from the semi-infinite solid is expressed in terms of the
ratio«/képec2 +A/klplcl vhere the subscript "1" refers to the finite
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solid and "2" to the backing material (39). For air backing up wood
this ratio i1s approximately 50 hence fimite solid temperatures would
be expected to be greater than those fgy the semi-infinite solid
provided L/vat > 2 and x/L < 0.4 ==

When the heat losses from the rear surface are due to convection
and radiation, the parameter involved may be written as thA/klplcl
where h includes both the convective and radiation losses. Schack
(40,p.37) presents an analysis which results in the value of the heat
transfer coefficient Just sufficient to maintain the same temperature
gradient in the finite solid as the infinite solid. These results
(figure 25) are however limited in application since they pertain only
to losses during the radiant exposure and do not sccount for losses
during the relaxation of the temperature profile. Furthermore, they
do not result in a quantitative estimate of the temperature differen-
tial between the two cages. Figure 25 is presented only to demonstrate
that as 1/vat decreases and time increases the effect of convective
losses becomes increasingly important.

Masters' solution (10) for maximum temperatures attained in
finite slabs for the boundary condition that the rear surface is
insulated (h = 0) is useful in estimation of the specimen thickness
required to maintain semi-infinite slab conditions. In figure 3 it
ls demonstrated that the entire charring process probably takes place
between 200 to 350°C. It is a necessary condition that finite and
semi-infinite slab temperature gradients be identical in this region,
il.e., '

AT | 200-20

AT, = 350-20 = 0.55

From (10,sheet 4c.4) L/v&t > 4 satisfies the condition that the rear
boundary condition does not influence the temperature gradient above a
temperature ratio of 0.5.

Assuming the finite slab thickness, L s to equ?}/the original
specimen thickness (table 2) minus the depth of char,~~ wvaluyes of
L/~/at were computed for a sampling of NRDL data. Values for all data

12/ Cf., (10,Part III,p.6). The same argument as presented
therein pertains t0 the influence of any boundary condition imposed
at the rear surface of the finite solid, i.e., at x = L.

13/ This condition is rather stringent since there is usually

a layer of uncombusted carbon of some thickness above thls depth.
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Figure 25--Effect of convective losses at rear surface
of a finite solid (after Schack). AT (t)
designates temperature gradient In finite
solid. AT (t) designates temperature grad-
lent in Semi-infinite solid, Curve a, con-
stant irradiance; cyrve b, constant Burface
temperature. (N.B,, for illustrative

purposes only, )

eXceeded 4 excepting the 2.5 irradiance data. Values for -the four
points originally in Question exceedeqd 12, Thus the hypothesis of

The solution to thiz dilemma ig at present experimental,
especially since the NML data were obtained under different experi-
mental conditions, i.e., by exposure of a small spot in a relatively
large surface, Since this procedure Produces a crater, heat flow st
the greater char depths may not remain unidirectional, resulting in
smaller depths of char compared to the ideal case. -Conditions of
. this type are difficult, however, to evaluate in a quantitative
manner.
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Along these lines attention should be directed to the NRDL 12.¢

cal/cmgsec:field'pulse SXposures (figures 1¢ and 17), the eXposure areg
for this irradiange level (2,90 em?) being four times that of the
remainder (0.745 oy ). Although only three eXposure times ape reported,

Dimensionless correlation of NRDL, MIT, and NBS depth of char data
appears to be iy satisfactory agreement considering the various tech.
niques used 4o Deasure these quantities. The faet that NRDL char depths
are approximately 25 bPercent gregter than other investigatorg may be
attributed to the different methods used +q measure char depth although

this hypothesis ig not at all conclusive,

Proportionally to the initiagl temperature, Tos {ef., equations (29) apg
_ that the Presented correla.
tions represent only one of g family or curves of constant Parameter
E/ERTO 80 that as T, (or E) changes one must move to another cyrve
as indicateq by equation (24). Since charring wili Proceed at gp obsery-
able rate, unaideq by thermal radiation, when the initia] temperature

j approaches 5000k (cf., figure 3), curves of constant E/RT  must be

W
-
e

Mo

Ll
g
g
7]
o

- H R

9]
5
5
L
g
®
<
m
[

y

related sych that @ decreages as TO increasesg {or E eCreases),

! Parameter E/RTO » l.e., +1p0 bercent, Consequently Variations in

initial temperatyre of this same order cannot he considered ag -
within the accuracy of the Droposed correlations,
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This result may also be derlved in a slightly different manner.
Consider an alternate form of equation (24) derived by dividing the
irradiance and char depth modulii by E/RTO,

GHRD [ HRVE E
= =% |Eape * T (D RT_
i ' (24a)
AW [ cHRVE
= F 4 —
pAVaT g (p&%), BT,

4

In this form it is readily apparent that the correlations are depend-
ent on knowledge of the activation energy E and that the effect of
variation in TO is the same as that of variations in E.

Henece it is suggested that where the 1nitia1 temperature varies
within the limits, 300°K * 10 percent (0 € T < 60 C) then To 300°K
should be used in calculating of correlation parameters. This procedure
results in overestimation of char depth and weilght loss when the initial
temperature 1s less than 300K and underestimation when the temperature
is more than 300°K. This procedure 1ls consistent with the accuracy of
the assumptlion of constant E as discussed above.

Char depth measurements made by NRDL in conjunetion with field
exposures during Operation TEAPOT (unpublished) have been correlated
by the author and lead to char depths 30 percent less than expected from
the proposed correlation. These exposures were made on Guatemalan cedar
(p = 0.47). Specimens were cut, in general, oblique to the grain’4
whereas the previous specimens (willow) were cut tangential and the
radiant exposures made in the radial direection. Subsequent laboratory
measurements on Quatemalan cedar correlated closely with the field data
thus confirming the 30 percent differential relative to other species
exposed by NRDL. In the absence of & value for activation energy for
this tropiecal specles 1t is difficult to determine whether this increased
resistance to charring is the result of a larger value for E because
of differences in lignin dontent or to the increased conductivity due
to graln orientation. Since steady state conductivities in the radial

14/ MIT and NML exposures appear to be made in the tangential
direction. The NBS exposure direction was probably tangential.
correspondence {rom NBS dated 3/21/56.
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and tangential directions appear to be substantially the same (p. 15) the
observed decrease in char depths 1s probably due to a larger value of the
activation energy. These data illustrate the range of uncertainty in
using the presented correlations for species of wood for which thermal
properties are not well known.

-Property values throughout have been based on dry density prima-
rily due to the better degree of correlation between the NRDL and NBS
depth of char data and the MIT data (figure 19). .Correlation of NBS
weight loss data on a dry basis (figure 20) unfortunately is not con-
clusive since the variation of irradiance across the span of the NBS
specimen was approximately the same, .percentage-wise, and in the same
direction as the correction between the wet and dry basis correlations
of the NRDL data.

This result demonstrates an extremely important criterion regard-
ing investigation into the role of moisture, Vviz., the irradiance varia-
tion across the sample area must be substantially smaller than the vari-
ations in weight loss expected from moisture. This is also true, to a
lesser extent however, during char depth measurements. Weight loss
measurements appear more statistically reliable since they average out
spatial variations in properties and as such are more suitable for the
type of investigation necessary to determine the role of moisture.

The use of dry properties raises the question as to why hetter
correlation should result on this basis. This procedure is strictly
empirical; however, there appears to be some theoretical Justification.
Moisture has the effect of increasing the rate of thermal degradation
of wood (ié,glé), i.e., moisture decreases the activation energy for
degradation resulting in more rapid changes in density at lower tempera-
ture. At the same time moisture increases the thermal conductivity and
specific heat, thus causing lower temperatures in the interior of the
solid for the same radiant exposure. The possibility exists that these
two opposite effects cancel ome another, at least in the moisture range
investigated (M < 8 percent).

Another empirical choice of properties is that of choosing the
absorptivity, o, equal to unity or at least a constant for all species.
Hence « does not appear in the irradiance modulus.  The data presented
in figure 18 represents a range of visual surface color from very light
(sugar pine) to dark (mahogany). -The lighter species show a tendency to
char less than the darker species, the differential being within the
scatter of data, however. The assumption of constant ahsorptivity
appears reasgonable, at least for char depth moduli greater than 4, since
surfaces soon lose their original absorption characteristics as charring
takes place.
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The lesser char depths may also be the result of an absorption
coefficient less than the assumed nominal values of 100 em™+ due to the
less dense charcoal formed by the less dense species. However, further
discussion of this and other effects such as attenuation of the incident
radiation by smoke and surface oxidation reactions are not warranted in
light of available data.

The presented relationship demonstrates the reason, aside from
measurement errors, for the large standard errors associated with small
depths of char. For vealues of char depth modulus less than 2y char
depth is extremely dependent on the irradiance modulus, or if the irra-
diance and exposure time are constant, upon the thermal properties.
-Small standard deviations in density will then result in much larger
standard deviations in char depth. Conversely the irradiance modulus
may be determined without serious error, say 15 percent, from small
non-zerc depths of char when measurements have rather large standard
deviaticons.

The extreme dependence of char and weight loss moduli on irradi-
ance modulus in the region of char depth modulus less than 2 may be due
to the transient nature of the temperature gradients or to extreme
changes in absorption coefficient, or both. To illustrate this consider
the NML, threshold data (figure 24). Zero char depth when defined in
terms of threshold damage or blackening of the surface do not correlate
on the proposed bagis, i.e., p = 100 cm“l, as can be seen from figure 24.
A satisfactory correlation should yield results independent of irradiance.
This type of threshold damage should be distinguished from "zero depth of
char" as reported by MBRDL in that the latter data represent measurements
which vary between zerc and some small finite value comparable to the
least count of the instrumentation. The former types of threshold damage
refer to visual examination of the surface.

It is reasonable to assume that since the major portion of the
energy is delivered prior to "blackening" the value of absorption coeffi-
clent should correspond to that of the undamaged surface. If one assumes
that the lower limit of Gardon's estimate, p = 10 cm‘l, the irradiance
modulus becomes essentially independent of irradiance level (figure 24).
In this case 0.12 < B +&% < 0.55 approaches the region of extreme dia-
thermancy where the theoretical surface temperature becomes dependent
upon total energy received (equations 20 and 23) rather than primarily
upon Hv%t. It is apparent that the absorption coefficient must change
rapidly during the initial stages of charring.
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A qua}%}ative estimate of the surface temperature for surface.

"blackening"—~ may be made from the results of figure 24 and equation
(20)

AT

—5:2240.9 ;a7 = 300°%

T0 N3 s

Comparison with figure 3 shows that this temperature is compatible with
the temperature range in which the rate of thermal degradation increases
extremely rapidly. Robertson (4,p.39) also arrives at the conclusion
that rapid charring must take place in the range 280-350°C.

The reader should not consider that the above computations present
universal constants, either for a "charring tempirature" or for the Ini.
tial value of absorption coefficient (B = 10 cm ). These figures are
presented only as illustrations of the qualitative agreement of the
various phases of the presented material.

Discussion of the NML static exposure measurements (figure 23)
has been retained until last, due to the lesser degree of correlation of
this data. The large scatter of data in the region of char depth modulus
equal to 10 is the result of the anomalous "humps" in the original results.
Char depths for irradiance levels above 60 cal/cm“sec were not presented
due to the ambiguous nature of the maximum irradiance used and the method
of attenuation (5,p.14,15). The greater than 1:2 siope, as previfg§ly
discussed, is attributed to the approach toward the finite solid .=
Since these data on a single species comtain greater divergence than
other data on at least five species, a re-evaluation of conclusions regard-
ing the charring process (38,sheet 5g.2) appears to be in order.

The NML dynamic exposures (figure 22) display an entirely differ-
ent behavior than other exposure methods, The dynamic exposure subjects
the material to a radiant pulse which is Gaussian with respect to the
timewise variation of irradiance (38,sheet 3a.l). Since it has already
been demonstrated that pulse shape is an important parameter in damage
correlation, this result is not unexpected. Insufficient data, however,
do not allow specification of the equivalent square wave pulse.

15/ We choose this criterion rather than "threshold" since the
latter damage is scorching of the summer growth, the density of which
is lower than the average for that species. Consequently the vikpc
will be lower than that assumed in the following calculation.

16/ Note that these specimens were 1/8 inch thick compared with
the 1/4 ineh thickness primarily used by NRDL.
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Recommended correlation funetions for square wave and field
pulse depth of char and weight loss are displayed in figure 26 for
exposures where the radiant flux is radial with refeﬁence to the grain
geometry and the irradiance is greater than 3 cal/cm“sec. Presented
correlations are valid only when the specimen behaves as a semi-infinite
solid. Property values are those of the unexposed dry wood. Exposures
made oblique or in the tangential direction are expected to yield char
depths and weight loss 25 percent less than given by figure 26. As
previously discussed correlations are only vglid for E/RT = 50 * 10
percent. T should be taken as equal to 300°K for all vaTues of
initial temPerature between O ang 60 c.

For irradiance moduli greater than 7 both weight loss and char

depth achieve steady state and the correlation equations become for
the square wave

AW HvE
= 0,13 ——2— F %
i~ 017 T P8R
! (27)
2
Hd HYE
— = (.1 F t
o _4[1, = (B«@')J
o o J
and for the field pulse
N By
= 0.32 F(2pvat )
m
pANE%ﬁ TOV§EE L (28)
HyE, 2
HA | 0.33|—2 F(opyAT)
kT T akpe m
(o] Q J
where F is given by equation (21) or figure 4.
Upon combining terms, equations (27) and (28) yield
QAWTO ;
- 0.13 F{pvat)
i (29)
pedT 5
) © < 0.14 F(pvat)
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CAWT

o] ey T
W =.32 F(dB‘\/-atm)
mm
(30)
pchO o _
m i
and for the NRDL simulated field_pulselz/
CAMT _ - )
oy = 0.15,F(2p at_)
(31)
pedT o
oy © = 0.16 F (2Bvat )

4

.The energy required for identical damage is 13 percent lower for
the simulated field pulse compared with the square wave pulse. This
difference is most probably within the accuracy of estimating the con-
stants of equations (27) and (28). The pulse shape constants reported
from field data (38,sheet la.l) vary considerably from that of the NRDL
simulated field pulse. For this reason equation (30) is recommended
over equation (31) until sufficient data have been gathered on charring
produced by pulse shapes which deviate somewhat from the pulse shape
constant of 2.08.

The reader has probably noticed the marked resemblance between
the behavior of the proposed correlations and that proposed by Masters
(lg,sheet 4b.2) based on attainment of a maximum temperature, Both
brocedures have the following properties

deT ® constant, d 1large

T%%%Z = constant, 4 small

17/ For the NRDL simulated field pulse p = 2,08.
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the difference being in the specification of the temperature used during
correlation. Since "charring" appears to take place rapidly over a
limited range of temperature, (figure 3) Masters' criterion is some-
what correct and he is able to correlate depth of char data by choosing
thermal properties which allow the data to fall on the proposed correla-
tion. When steady state has been reached, the two correlation hypo-
theses are identical since the density gradient must have a 1:1
correspondence with a temperature gradient, however, not necessarily
the one proposed by Masters. The author feels that the correlations
proposed in this report are more basically correct and moreover lack
the necessity of choosing thermal properties which differ from expected
values.

CONCLUSIONS

Assuming that density variations within the irradiated semi-
infinite solid follow a first order kinetic reaction, schematic inte-
gration of the differential equation ylelds dimensionless relationships
between char depth and weight loss moduli and groupings representative
of first, a rate-controlled process and secondly, a diffusion-controlled
process. Analysis of NRDL depth of char and welght loss data leads to
the conclusion that the latter process 1s controlling and should be used
for correlation purposes.

Wood appears scmewhat diathermancus even though the surface is
charred. A second order correction for this effect improves the cor-
relation. The absorption coefficient (Ba= 100 em ) was chosen to
afford the best fit of the NRDL data.

The NRDL simulated field pulse data are correlated with corres-
ponding square wave data through specification of an equivalent gquare
wave pulse which has the characteristics

H (square wave) = 0.60 H (field pulse)

4.0 t_ (field pulse)

t (square wave)

The equivalent square wave pulse results in satisfactory agree-
ment of both depth of char and weight loss data over the entire range
of variables tested.

Choice of thermal property values is discussed, and it appears
that evaluation of properties on a dry basis afford the better corre-
lation, at least for moisture contents less than 8 percent. More
experimental data are necessary, however, to provide conclusive evi-
dence as to quantitative effects of moisture. Additional experiments
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must be run because previous work used various techniques to measure
depth of char and there is some doubt that data from various experi-
ments of this previous work are consistent.

MIT and NBS char depth measurements are approximately 25 percent
lower, on a correlated basis, than the NRDL data. This differential
appears to be associated with the direction of the radiant flux relative
to the grain direction. WML static exposures result in large relative
scatter of data which devlate from the expected trend at the greater
depths of char. This deviation in NML data is aseribed to violation of
the semi-infinite solid boundary condition although results are not
conclusive on this point. NML dynamic exposures demonstrated large
variations in the depth of char from the expected trend due to the
effect of pulse shape.

Dimensionless correlation functions are presented for depth of
char and weight loss which appear valid for irradiance levels greater
than 3 cal/emsec and for E/RT  equal to 50 * 10 percent. Estimating
equations are derived for valués of irradiance moduli greater than 7.
In using correlation functions or equations it is suggested that T
be taken as 300°K for all initial temperatures in the range O < T, <
60°C. For irradiance moduli greater than 7 "steady state" charring
cccurs, and depth of char and weight loss are approximately dependent
on total energy delivered.

RECOMMENDATIONS

' Due to the number of questions arising from the effects of
grain orientation, finite thickness, moisture, and diathermancy, the
author believes additional experimentation is Justified before labora-
tory data may be applied to field conditions with the necessary degree
of certainty. These investigations should be carried out by one
agency primarily to insure that identical techniques are used through-
out. At least two woods, whose demsities differ as much as practi-
cable, should be investigated. Note that molsture affects the thermal
properties of less dense woods to the largest extent.

The apparent difference in grailn orientation can be resolved by
comparison of additional data on heart willow taken at right angles to
the original direction. If this orientation shows the expected trend,
remeining investigations should be carried out with the radiant flux
tangential sinece this conforms to the usual grain orientation.
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The effect of finite thickness is most Perturbing and should
be dispensed with before remaining parameters are investigated. The
author suggests that the rear surface boundary condition be made iso-
thermal, the most severe condition. By choosing various specimen thick-
nesses the value of d/L may be determined which causes deviation from
the semi-infinite solid resulis.

The postulated effect of diathermancy can be checked by black-
ening the surface with india ink., If Gardon's results are correct,
this should result in a nearly opaque solid for which F(g4&E)
approaches unity.

Variation of depth of char and weight loss with moisture should
be investigated under ovendry conmditions and double the value previcusly
used (7-8 percent) provided heart willow remains one of the speciles
tested. Due to the presented correlation Procedure a large number of
data will not be necessery. Data should, however, span the range of
dimensionless moduli, care being taken to avoid violation of the semi-
infinite solid conditiom.

In future work activation energies for each species investi-
gated should be determined from isothermal weight loss data, especially
if further investigation of the effect of initial temperature is
contemplated. Particular attention should be given to resolving the
difference observed between native species (i.e., heart willow) and
tropical species (Guatemalan cedar).
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NOMENCLATURE

thermal diffusivity
surface area

a constant, the assumed value of p+ at
incipient charring

specific heat

elevation of specific heat due to heat of

desorption of bound water

depth of char measured from origins]
surface

activation energy
E/RTO

welght fraction of inert materisl to
dry wood

P Fn = functional relationships
crenae Gn = functional relationships
heat transfer coefficient

irradiance

H 1/ kpe

maximum irradiance (second) for field
pulse

thermal conductivity
thickness

moisture content

pulse shape factor = Ef%_
radlant energy o
radiant energy of field pulse

gas constant = 1.9864

Square wave exposure time

time of second maximm for field pulse
absolute temperature

maximum absolute surface temperature

cmg/sec

2
cm

dimensionless
cal/gm (dry wood)®s

cal/gm (dry wood)c

em
keal/mole
dimensionless

dimensionless

cal/cm?secoc
cal/emesec

dimensionless

cal/cmesec
cal/cmgsecoc/cm
cm

percent dry weight
dimensionless
cal/cm2

cal/cm2
cal/mole’k
sec

see

°x

%k




AT
AT
8

initial sbsolute temperature of specimen

T - T0 = temperature rise
surface temperature rise

fraction of decomposition products
remaining in wood at time @

fraction of dry weight remaining at
time &

weight loss due to radiant exposure
position coordinate

OEX/kTO

gsurface absorptivity
absorption coefficient
surface emisgivity
x/2Naf

x/2+&(6-t)

x/2xfat

time

velocity constant
uxz/aa

density at time 8
density based on dry volume

density based on volume at current
moisture

original density

/P,

Stefan-Boltzmann constant = 1.37 x lO'1

dimensionless

dimensionless
gl
cnm

dimensionleas

dimensionless
-1

cm
dimensionless
dimensionless
dimensionless
dimensionless
sec

-1
sec
dimensionless
gm/ce
gn/cc

gm/ce
gm/ec

dimensionless
2 0K4

cal/cm




