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ABSTRACT

Char depths in wood, produced by irradiating the surface of the specimen with

intense beams of thermal radiation have been reviewed and the results correlated

with data from different laboratories •

Charring rates over a wide range of irradiance levels were found to be

directly proportional to the incident flux.

Standard furnace tests for the endurance of timber beams and laminated

columns indicates that resulting charring rate~ were produced by an equivalent

s~uare wave heat pulse.

The equivalent heat input into the char layer of irradiated wood required

to produce the observed charring rates is approximately 1/3 the heat of

combustion of the wood.
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F.R. Note No. 896.

NOTES ON ,CHARRING RATES IN,WOOD

by

C. P.. Butler

INTRODUCTWN

'Lawers of .chaz- on a partially burned piece ,of timber are .a parmanenf and

often theoniy ,record ,of'the intensity and ,duration of a fire. Char layers

attract attention ',because of theirdistinctpatternB of waves 'both"parallel and

ad; right ,anglestotlle grain of the wood. With good lighting these, little

square~'often resemble black mosaics.

'On ,close ,ex;mrrination, there is .a .shaep :boundarybetween the fragile, low

density char .and the unburned wood underneath. 'This fiducial line provide~ a

usef'ulandunaIIibiguous reference for the measurement of depth of char-.

Furthermore, field ,data can be made ,on the spot with simple tools.

In ,atlr burst nucil.eaz- situations" depths ,of char as .a function of

distancs and ,orientation are 'one ,of the.most,prominent ,effects of thermal

radiation 'emitted 'by 'the fire ball. 'Strength ,of timbers under·fire conditions

is related 'to 'depths ,of char ,as dimensions 'change during the fire ,exposure.

In a much 'more 'practical 'sense. the use of ',chardepths .as evidence 'of time

since ignition is 'often employed by:investigators interested in evidence for

suspected arson.

The 'rate ,of burning ,of 'wood as :m:function ,of type of wood, itsstruc,tural

and thermalpropsrties•.fual ,sizes"geometrical array, ambient conditions and

other variables is :fundamental to the whole problem of fire spread. Some of

these factors ,can be interpreted in terms of charring rate, ie, how fast wood'

burns.

Depth of char in a piece of wood recovered :after a fire is not easy to

interpret unless> the ,original thickness or the location ,of the unburned surface

can be independently determined. ThUS, .Lar'ge cat faces in coniferous trees

which have survived a severe basal injury during the passage of a forest fire,

are covered with char layers of varying thicknesses1• However, the distance

from the 'original surface of the tree to the bottom of thecharlB¥er may be

a metre ,or more. The thickness 'of the remaining char layer has little if any

relationship to the intensity and duration of the fire, ie, whether the trunk

burned out by itself, or whether fire in the surrounding brush provided the

necessary heat to keep it burning.



For 'the same reason, the' actual thicknes's 'of,' char layers' is' not "considered' in '

this paper; only the distance from the original surface' to,the plane' of' the"

unburned wo.od. Layers do not build, up indefinitely in f:r:ee burning fires, as

contrasted with charcoal fo~ed with burning under restricted ventilation.

WOOD BLOCK RAlDIOMETERS AND THEIR CALIBRATION

If the difference in thickness of 'a, wood' block"before and after Bl fire

exposure is measured, some parameters during'exposure can bevdetermi.nad , The

simplicity of blocks placed in atrategic' locations in 'and'around fuel arrays in

an experimental fire hasiLed to their use'in:'large'scale'field tests,,'such'as

project Flambeau
2•

When fire effects are to be measured in ,is.olated areas char

depths in ,wood blocks .=e often the only',practiQll.lm~,thod"of. in,st-tum,entat:i,on.

Since the amount 'of wood heated to the charring temper&ture is a'function

of both the total flux and of the irradiance, wood' blocks re~pcirid both';is : ' "

radiometers and as, Qalorimeters. . Separating the effects of 'thetotal'flux from

'.""

.. '".'

. ... :

the irradiance requires, detailed calibrations. -: .:

A,~adiation'so~ce is require~ with' sufficient intensity ·to'bracket'the

upper and lower limits of the irradiance to be expected. Appropriate tiffiing'

and shuttering:,devices must be provided 'so that the energy fallinlr ·on: the surface

is in the form of a -squez-e or rectangular pulse. ,Ideally, a' aou'rcecshou'Ld. have

the S. ame spectral, ,characteris tics, or' nearly the same' temperature as, the -unknosn

sourc~, so that no corrections are. required ,for ,the absorptivity: of the' wood

-- --as' a-function-of'wave 'length-; -The-area 'of exposure, ,:orthe' area', of, 'uniform' ,-',

irradiance should be large ,enough, to, cover the entire spe.cimen. '

While the focal plane of an image furnace can be directed at any' angle, it

is most conveniently operated in a horizontal position" with the specimen,held

vertically. Gas ,fired furnace panels are used in the same manner. These gas'

furnaces with large burners" if ,directed upwards would ,heat ,the .specdmen by'

convective as well as by radiative heat. ,.' .,

In the vertical position, hot gases generated in the wood rise from tne'

irradiated surface, while cool air flows upward' from ,the. bottom. ,This ' ..

position is not comparable to a horizontal one:where the 'specimen would be

heated from below.

2 -
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COMPARISONS OF LAllO:RATO~Y C~IBIl,ATI9N,S

calibrations 'of wood blocks to be used as 'radiometers "have' been' conducted "at'

two 'laboratories, the' Fire Resemrch'Station' in' -Bor-eham Wood, and the' Naval, Radiological

Defense Laboratory in Sam Francisco. Each 'laboratory'-obtained"'data' relating ,the

irradiance H, the' exposure time t, 'and the 'depth of' char" d.' At FRS>,.

Griffithm and Heselden3'and Heselden and Griffiths4"long pulses of low'irradiances,

(0.5 to 6.0 W cm-2
) were us~~ A.t NRDL, Butler and Martin5, short pulses; of high

irradiances (30 to 330 W em ) were used. Square or rectangular pulses were·

empl?yed at both laboratories which are described by a constant irradiance faa ling

on the surface of a specilnen for a given interval, of tilne. Shutter opening .and

closing tilnes are always very short in comparison to exposure tilnes:.

The source of thermal radiation at FRS was a gas; fired furnace opera1JBd at·

a'temperature of 870
0C

which has a maximum spectral emiss~on at 2.5 microns.

A!l; NRDL, the source was the plasma of a carbon arc whose maximum spectral emittance,

art 0.5 microns corresponds to a radiating temperature of approxiJnately 5000%..

The area of uniform irradiance determined by spot-distribution measurements

art FRS accommodates a specilnen 10 cm aquare , A.t NRDL, the area was ,lilnited by

the optics of the furnace to a circle 0.95 am in diameter.

Baltic redwood conditioned at 10% moisture content was used at FRS; at.

NRDL~ Guatemala cedar was selected with a moisture content of at%. In both

laboratories, the grain of the wood was positioned normal to the~cident rays.

Depth of char at FRS was measured by slicing the' specimen in the middle and

laying a straight edge along the dark line of demarcation between the char and the

unburned li'ght coloured wood. This line is not always straight because of slight

inhomogeneities in the wood, but the method gave consistent results.

A!l; NRDL, the thickness of the wood block was measured before and after

exposure with a machinist's micrometer. The char layer was removed af1JBr

'exposure by brushing vigorously with a soft wire brush. The same pressure on

the micrometer plunger was applied by the click' spring setting. The brushing

method often remaled little ridges at the base of the char; hence the

micrometer measured the average thickness of the highest ridges. This may bias;

the results giving a char depth too small.

The results of these two sets of experilnents at two laboratories. are shown

in Figure 1, those at FRS; denoted with the symbol (0) those at NRDL (X).

- 3 -



The straight

irradiance (H) of
-1R in om s: is

line portion of this graph represepts the data from an '
-2 -2

2 iom to 330 W em • ,O~r .this ra.Ilge, th,ec~rriB!;.'r\"tec'

, "
R =,

'-4
3.67.x 10 H

. "t: .s .. • • • • • • • • ••'. _, .(.1 )
l • 4. ..• .' .:>~. '. -

,CHAR ,DEPTHS BY WEIG-HT ..CHANG-ES IN· CONTROLLED ATMOSPHERES',

". ,." ", 6 .,' '
A.series of tests reported by Thomas, Heselden and Law at FRS were

conducted to evaluate the 'effects of 'different atm~spneres ori:~eiglit l~sain ~ood

exposed'to intense the~al radiation; W~od specimens were' e~6~ed' b~hi~d ~~ica
. -: :,,"

wind6w ill'D.itrogen.' forced iii- convecta.onend 'in free air. The :results, cie,ady

showed that there is little chahgein the rate' of weight 10~S:imder' th~~e t~~e'

-cohdi tl.ons. " . Since no marked difference could be :seEm: between iritr6gen' and' ai~',

we conclude ,that' the charring process: is independent of the' 6xYgen .S:upply ~frc;m'

tl:!-e :surr0l!llding. at!l!o,?phere. The, heat required for the pyrolYsis·6f 'the'· wood

f0rII!,ing the charlaye~'depends. only -on the composition of the wood and the·small

yolru.n.es of,. air, in the ,pores., .... ,,"
.,
:If the derlsity'of the' ohar ' is IU:lglected, and that' 'Cir'the wood is"!isswrie'd

-3to .Q~. 0.5g em,.,,,,' bhe results of this' work .can .be expressed in. ferms, of the

charring rate. .'i..:. .,'

At an irradiance leve'l of r .68 W om-2,the charririg .rate' i~ :\h'~'s~~~~~~ihe~ts

was 6.2 x 10-~ cm Sl~l., This· point· is' plotted .in.Figure.. 'l·with ;the.syJiibol;T(EJ ).

- - ~Calculating__the depj;h_of- ella,_ fEO~ r~t,,--s ~:(iteight losa has riiabYadvanta~~s
, .' . ~. ," , ' ,-, "". - -',:::T ;-:_..~ -;;:::.~ 7·:.~'::··-f'-'?-.-

since' the'data is' continuous. The effects of the changes 'in the thiCkness of

the~har can be, measured over the ',entire exposure par-Lod,

'CH.A!R'DEPTHSBY WEIGHT LOSS. IN AMJiIENT ATMOSPHERE
-. , .
~..

An extensive

effect of density

'.'..' ., 7'" , ., '
study was conducted. ]:>y,Thomas, Simms, and Law toevaluat,e the. . ;. . -.. .

and permeability of several types of wood on the bU!ll~ng rate

as measured by weight changes during exposure," Irradia.:ilces were varied by

changing the distance of the specimen from the 'face of a gas fired ~a~~.:'·' ..
• ~ I" ..'

This work showed

with the density, the

also varies with time

that the rate.of weig~t loss" or. the c~rrjng rate ,incr~?ses. . '.- . ", . .. .'.. ' -,- ..
permeability of the wood and the irradiance•. ,The rate ..., :'. - .. .- " .... .~. " '. . ' ~.' . -._-
depending on the thickness of the char layer. '

• I - '. -. ,', • ,.".

During the period of s-teady state ,weight· loss, ie,.from1o%,:to,.3o%;

chaDring rates were measured for each of 8 different species of wood, whose

densihes rangedfrom ~.34 g om-3 to 0.65 g em-3 !lIld whos~. perme~bili ties ~aried
from 10-3 cm3/s om2 a~lI/cm t02 x 102 cm3/s cm2 a~cm. T~e ~es~.ting cha;ri~~
rates are shown by a vertical bar in Figure 1. The central symbol ( <;> ) on

each of these bars is the value for Douglas fir.
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SAUR CORRELATION SClIIDIE
8Saur showed that the depth of: char.in wood exposed to thermal radiation'; may

be correlated over wide ranges by plotting' the product of the. irradiance and the'
•. ' ,w ..' '.

square root of the exposure time against the product of the irradiance and the
, . . . .' , . - - ~. .,.., ".' -. '. . ..

depth of char. The. abbreviated form used.here is deriyed fro!!! a Fourier

correlation analysis which includes the thermal properties of the wood, as well

as its temperature e .

This method has been empkoyed to compare the results of the work reviewed

above as shown in Figure 2. It is immediately apparent that the data from the

two laboratories, FRS and NRDL do indeed correlate •..

It will also be seen that char depths calculated from weight loss ~easurements

fallon the sam~ line. . The three' points indicat~d by t~e symbol 0 are for

Douglas fir in ambient atmosphere. . The three points indicated by the .symbol ~

are data for exposures in a controlled atmosphere.

A straight line drawn thro;gh' the data' points in Figure 2, lIlay be'

approximated by the expression

or

H x t

H x t·
d

=
=

53 x Hd

2.8 x 103
••••••••••••

Since H x t, the total amount of thermal energy deposited during exPosure is' often

called the "dose", we can write: .,......

ENERG:( CONSIDtJRATIONS

Dose
Depth of Char = ·Constant·"

. '"

. ,", ',"...

If a' char' layer is formed on one side"of a piece of wood' by radiation;. the'

temperature' of this layer' very quickly rises' to some value above the ignition' point

and the' wood burns. As the wood combuaba, it ~tippliei{its'oWn'hea:tof combustion

in ad4i;ticin to that already present from the thermal' source'. Since the g;.se~

·burn at an indeterminate distance from the actual' surface of the char, their

contri,bution to thE]! radiation flux is not known. Hence, the heab-of combustion

of the wood under these conditions is,not'necessarily'supplied to the surface"of

the char-layer•.

In the work'reported here, the wood never burns by itself; because' the h~at
,.

fed back into 'the surface from the'flames is never sufficient to sustain the"'·

If .this were not the case, a square wave exposure time would

-.

charring rate.

have no meaning.

is closed, without

The

the

charring always' ceases immediately after the shutter

application of water to the hot char layer.

- 5 -



about the' wood and the' char.

The rate of combusti;~'df ths'wdod;

into' the unburned wood, c~ be 'expresSed

The linear relationship between charring rates and frradfancii, ',implfes tilat

the rate of heat supplied by' the' combustion, of' thei,wood' is'a :co'nst'arit: ';'.

, :. ',':' ~.-.l,_r·'_1"·: :, ~'>:' " .r ~:'.~.• ':":"".•. ,'

K ca,l' g s ,as the char layer moves

in W'c,;,':'2 'bY'making c~;;t~i'n ~ass~ptions
. '.' ~. ,

The density, of the Char is 'assumed 'to' be negligfble •
• ".J ......._"': •• :r··... 'j.~~

The rate of combustion as described WJove is

l - 4.18 Kp R
. -',

where K . -; 4500 cal -1g . ,:>

fJ -3 ' '

= 0.5 e em for the unburned wood'.

''': .. ,

,eo· -:- ••. _ • • +•••

'" .

. "',

.,' substriutirig the values above;

have"

.. .

ciliarring
,

together with the rate 'f~om (1 ) , we
•
. . . .. , c'.·..

,;
K

.':

3.45 H
"

..... • 0.'- • • 0••• • • • _ (4). . " , .....

Three points are, shown, on, both Figure 1 and Figure 4,' which do, not lie on the

straight line. These are values measured at irnldi~~~~,bel~~__ 2":~'~72',.,~here,
. ", - . ......~.. ' - .' ." ', .. ' .' ,.:

convective losses are sufficient to significantly alter the charring rate.

The value of the constant shown in Equation 4,s~e:~sts that less than a

third of the total heat required to sustain the observed charring rates is

supplied by the source of, thermal radiation. " ,_ " "
. ,1\ _" t"

CHAR DEPTHS IN WOOD TESTED IN STANDARD FURNACES
-_.

Tests conducted b;Law;on" Webster. ~dAs-htbri9-to mea~ure the time to- --- ..

collapse of timber beams and floors were de~igned to'~valuate the fire endurance

of wood structural members in real fires. The beams were cui; from ,Douglas1fir"

in three sizes, nominally 22.9 cm by 5.1 .omj 17.8 cmby 3.8.emand,15.1 by 5.1
• ' • ., .' . ;. '.' • , '.' . • J " • ..

A\l.l beams were cut to the, same length, ,4.75,m., and,were fastened with naHsto,
• '. • "'.. • • I. _", • ..' _,'.,..~ ",

short pieces of 1.9 cm tongue and groove flooring, thus forming.-.a floor eecta.on.,. ,"'. ", . -', . ., ",.... . . '. " -', .. " .

Each,section was supported in a floor testing ,furnace, whose temper:ature ..was
• • - • • • • •• ••• • • . ' • ,., '... .. hO •• ••

programmed ,to f0:Llow the ,B~S.,476 time-temper,ature cur,ve. ';' s:».

em.

,Following collapse,' thewood':a.nd char was, cooled ',with, wats±- and char' depths

measured'. These varied from 0~63 'em :toe'.9' cm; depending on:,the'time':'of

exposure and beam dimensions. The results showed that the charring:rate·waB"

1 -4 -1 ,very nearly linear a.t 1 x ,10 cm.e ," for exposures rangang, from 5 bo 30 nunubes ;;
" ' , 0 . .. 0' ,

Furnace temperatures during t~s period varied from 630 C to 840 C."
. ".

.. I
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From Figure 1, it can be seen that the rate observed in, these standard tests

is e~vaaent to a square wave irradiance puls~ of approximstely 3 Wam-2. , This

is bwrely sufficient to induce ignition, but if continue~ for ,long periods of ,time,

ie several minutes, will produce charring. : , ~

, At failure, the furnace was opened, the column cooled with water, and the'

depth of char measured in a mid section piece by drawing an outline of the char'

line and comparing this to the equivalent uncharred cross section. Two' charring

rates; were calculated, one parallel and the other, perpendicular to the plane

of lamination.

'Mean rates; of charring parallel to
-4 -1

10.8 x 10 am s '. The perpendicular

..

the direction'of lamlnation'were

rate woo 12.8 x 10-4 am s-1~'

Referring to Figure
" ' , -2

wave pulse of 2.9W! am

1, these two rates correspond
, -1

and 3.4 Wam respectively.

to an equivalen~ square

It will be noted, that

these values bracket charring rates found in similar tests on timber beams and

floors.

DISCUSSION

. Char depths in wood irradiated by intense. beams of thermal radiation can 'be

correlated,over a wide range of. experimental conditions,. This suggests, that the
;..: "- -" • .y.• , - ~: . ":.-:' ' ~:'"j' ' :: :_.:: :.' ..'. -c ..: ,:.._..":~~!(.::" ,;".- ;,;",; ..; ; ..: ..!

technique may have other applications, such a,s'in monitoring'the total heat ,flux

in standard testing furnaces.

Considerable efforts were made to eliminate variations.normally/anticipated

in a biological material like wood, but the , results indicate ,that many of these,

precautdona wereUIn1ecessary'~ Intensity and ,hence, the temperature of. the source

does not appear to be critica,l, Very large differences in the irradiance do not

,influence the rate constant. The method of measuring the depth of 'char likewise

does not appear to be critical, .since the boundary line between char-rand unburned

wood is so clearly marked both by colour and apparent hardness differences.

- 7 -



The essential requirement seems to be··that the surface of· the .wood 'shall be'

irradiated with a square wave ·pulse of··thermal energy, 'uniform over' the exposure

period. Thus,. the rate at which energy is'deposited info the 'surface of 'thewood

must be a constant, regardless of the amount and form of the 'residual char " ..

adhering to the wood. It appears that the .first .thip .laY:Elr.-of. wood .soon ·chars,

becomes black and porous and depending on, the irradiance, .f'Lakes., burns, and
.' ~ , ,.. ..' .- 1 '." • • •

spalls away Leavang an indetermi;nate amount of. char clinging to t)1e. wood•.'

Att high irradiances, gas pressures within'the first few layers of wood 'cells

blow off the char continuously, thus exposing a new surface which is. probably b.Lackv

but very thin.

-2 .Transient flaming above an-d.r-radf.ance of about 30 W'em . ~s almost al"!'aws

observed, while below 6 W em-2 flames are rarely observed: unless ,suffiCient 'tinte

has elapsed to 'heat the wood to ignition temperatures. 'The work 'reported here

does not include cases where flaming was observed at the low i;r-radiBflces., Since

both high and low irradiances can be cprrelated, ,there does. not appear to be any

significance to the eXistenc~ Or absence of flame. ,

The "rule of thumb" rate of charring, usually spoken of as"1/40 inch per' '

min~te (111 x 10-4 em s-1) as observed in timber beams and laminated c~l~s in

standard furnace testing has, been. explained qualitatively (j).; As-the. char

builds up, the rate of heat flow from the furnace to the base, of. the char layer

decreases. This decrease however, is compensated for by the heat of combustion

--of.tne·-";'ood,- ,so that-th~ a ctual.rateof-cl1arring-rema:l.ns.:c;nstant .throughout. the-·. ,'. . .

test;· even though the "temperature" of the furnace continues to rise.

Assuming that the rates. of charring produced by thermal radiation arE>'

applicable under furnace testing conditions, the total heat flux from thEl ga~ ..

flames and the walls of the furnace can be estimated from measured charring rates.

Since the furnace tests actually produce a constant charring rate; 'we conclude

that the B~S. 476 time-temperature curve'is equivalent to a' square' wave pulse
-2of thermal energy of about 3 W. em •

The temperature of the furnace describes the actual temperature of one or

more thermocouples located three inches from the test, specimen. ,. 'During the

initial warm-up period, the thermocouple is measuring the temperature of the gas

flames only, but at some later time,' flames from the wood itself also contribute

to the thermocouple temperature. When> this occurs, .. the amount o'r gas; is

reduced, so that the temperature will remain· on the standard' curve, It is

reasonable to suppose that under such conditions, part of the standard

time-temperature curve is 'reproduced without the addition of anY gas through ;

the burners.

- 8



Since the charring rate at high and at low irradiances can be correlated; ·the

effect of the actual char thickness appears to be of .secondary importance. Thus,

the surface of the wood may be thought of as a liquid surface irradiated by an "

appropriate thermal source. As the liquid evaporates, there is no change in the

optical properties of the actual surface, so that the absorbed flux, is & constant.

We further postulate that the volatiles emitted from the wood through the ch~

layer may be compared to the vapours rising Slbove the surface of the liquid.

The thin gaseous layer immediately above the liquid surface may be likened to the

char layer, it does not appzecda.bLy : absorb nor reflect the incident f'Luz, and

neither does it impede the evaporation rate.

'On the basis of this argument, the wood behaves in a manner anafagoua to a

liquid, with a total heat required for "evaporation" of

.12QQ
3.45

-11300 cail g

Sllme of this heat is required to raise the temperature of the unburned 'wood to

the ignition point, some to make good the convective and reradiative losses from'

the front surface of the char layer.

CONCLUSIONS

1. Depth of char produced in wood by intense beams of thermal radiation 'have

shown that the rate of charring is a linear function of· the irradiatice, with

little dependence on species of wood, type of thermal source, or method of

measuring char depths.

2~ For square wave pulses of irradiance from about

the rate of charring in em s-l is equal to 3.67
, ~,
:LIl W em •

-1 -12 W em to 330 W em ,

x 10-4 times the irradiance

3;;: Constant charring railEs measured in furnace testing of the fire endurance

of beams and laminated columns suggests that the B.S. 476 standard curve

producea an equivalent square wave pulse at the surface of, the ,test piece
-2of 3 W em •

4. The equivalent heat input to sustain the charring rates reported here is "

approximately 1300 cal g-l of wood.

- 9 -
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