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DIGEST 

Measurements reported here on flames from thickened hydrocarbons indicate that 
close to, but outside, the flame outline the thermocouple temperature can be converted to the heat 
flux emitted by the flame. From the thermocouple data, the dependence of the time to ignition for 
a wood target outside the flame on the angle from the flame symmetry axis is established. For 
angles less than about 10 degrees, the ignition time is relatively constant; for larger angles, it 
increases rapidly. The dependence of the time to ignition on the height above the flame agent is also 
established; it increases rapidly with increasing height. Measurements reported here on the ignition 
of wood confirm the predicted dependence of the ignition time on the time-dependent incident 
heat flux intensity. 
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THERMOCOUPLE MEASUREMENT OF HFAT FLUX 
AND APPLICATION TO IGNITION OF WOOD 

I. INTRODUCTION. 

A burning flame agent generates heat which is emitted by both the flame and the flame 
agent. The heat emitted by the flame, primarily radiative and convective, is directed upward and 
outward. On the other hand, the heat emitted by the flame agent, primarily conductive, is directed 
downward to the agent substrate. 

Most studies of the two components have been concerned with the dependence of the 
thermocouple temperature on time for various positions of the thermocouple about the 
flame.1 '3 With the increased availability of a variety of commercial heat flux meters, measurements 
of the radiative and convective heat flux emitted by flames have been performed.4 Also, for 
specific flame agents, the distribution of this heat flux has been determined.5 For 
hydrocarbon-based flame agents, the fraction of the heat which is conductive has been reported to 
be small.4 

The time to ignition of a cellulosic solid exposed to a constant radiative heat flux 
has been determined6 and has been extended to include the effects of time-dependent heat 
fluxes.7 This ignition criterion has been used to predict the dependence of the time to ignition of 
wood within a flame on both the height of the wood above the flame agent and the mass of the 
flame agent.7 

This report concerns the relation between thermocouple temperature measurements 
and heat flux measurements (about a burning flame agent) and the application of thermocouple 
temperature versus time data to the determination of target ignition times for cellulosic solids. 

II. FXPERIMENTAL PROCEDURE AND RFSULTS. 

In each test, 25 grams of 2% M4 thickened unleaded gasoline was placed in a stainless 
steel cup of 6.5 cm inner diameter, 7.1 cm outer diameter, 2.2 cm inner height, and 2.5 cm outer 
height. Samples were ignited and allowed to bum to completion. The cup rested on a transite 
board which formed the base of the laboratory hood. A fan located in the ceiling of the hood 

1 Wilkes.G. B. NDRC Contract.  Final Report.  Symbol No. 574. Radiation Characteristics of Burning Incendiary Materials   June 
1942. UNCLASSIFIED Report. 

- Koch,  H.W. Vergleichmessungen  von  Temperature  and Warmestromdichtcn an Brandstoffen. Technische  Mitteilung ISL-T 
40/67, Deutsch- Franzosisches Forschungsinstitut Saint-Louis JJJ, 11 (1967). 

3 Kelley.C.S. F.ATR 4436. The Use of Spatially-Separated Series-Linked Thermocouples in Flame Evaluation.      August    1970 
UNCLASSIFIED Report. 

4 Brown,  R.  E., Garfinkle.  D.  R.,  and   Andersen,  W.   H.  Shock   Hydrodynamics,  Inc.  Final   Report   SIM-6245-3.   Contract 
DAAA-15-69-C-O301. Evaluation Techniques for Flame and Incendiary Agents. June 1970. UNCLASSIFIED Report. 

5 Kelley, C. S. F.ATR 4492. Dependence of Heat Flux (Radiative Plus Convective) From Burning Flame Agents on the \ngle from 
the Flame Symmetry Axis. February 1971. UNCLASSIFIED Report. 

6 Welker,   J.   R.,  and   Sliepccvich,  C.   M. Final   Report,  Contract   DAAA-15-67-C-0074. Susceptibility   of Potential  Target 
Components to Defeat by Thermal Action (U). July 1970.  UNCLASSIFIED Report. 

7 Kelley.C.S.   EATR  4539. Piloted  Ignition Times for Cellulosic Solids Exposed  to Time-Dependent  Heat  Fluxes   August 
1971. UNCLASSIFIED Report. 



exhausted combustion products at a constant velocity somewhat larger than the velocity due to the 
buoyancy effects. Each porcelain-sheathed Chromel-Alumel thermocouple with the bead exposed 
was placed at the desired angle 0 and at a radius of 40 cm from the center of the pool base 
(figure 1). 

FLAME 
SYMMETRY AXIS 

SHEATH FOR 
THERMOCOUPLE WIRE 

FLAME CONTOUR THERMOCOUPLE BEAD 

FLAME AGENT 

Figure 1.   Experimental Setup 

Three series of tests were conducted. In Test Series A, the thermocouples were placed 
at <p ~ 15°,0 = 20°, 0 = 25°,and 0 = 40°. The thermocouples in Test Series B were placed at 0= 10°. 
0 = 30°, and0= 50°. In Test Series C, the thermocouples were placed at 0= 0° and0= 5°. In each 
test series, 10 identical experiments were conducted in order to reduce the scatter in the data. The 
electromotive force (emf) of each thermocouple was recorded for the duration of burning by a 
Model 1108 Honeywell Multichannel Visicorder, which produced a strip recording of the emf versus 
time of each thermocouple. All reference junctions were maintained at 25°C. 

For each test series, the average temperature as a function of time was obtained for 
each angle 0. From the strip recording, emf values were taken at intervals corresponding to every 20 
seconds. At each interval and at each value of 0, the 10 emf values were averaged and converted to 
temperature. Thus, the average thermocouple temperature was obtained at 20-second intervals 
throughout the duration of burning and for each value of 0. The average temperature at each value 



of 0 was then plotted as a function o( time (displayed in figure 2).   From figure 2 it can be seen that 
the peak temperature is readied about one-third through the burn duration. 

80   -i 

t (MIN) 

Figure 2. Thermocouple Temperature Versus Time for Thermocouple 
at r = 40 cm and Specific Values of <t> 



111. DATA ANALYSIS. 

From the experimental data presented in figure 2, the dependence of the thermocouple 
temperature on the angle 0was determined. The procedure used to obtain this dependence will now 
be described. 

The curves in figure 2 were first reduced to plots of the temperature above ambient 
(25

P
O versus time for each of the nine values of 0. Then, the value of T - 25 at one instant in time, 

(Q, was found for each value of 0. Then a plot of T - 25 versus <f> was made for each of eight values 
of tQ UQ = 1, 2 8 min).  Each of the eight plots was then normalized by choosing its value of T 
UQ) - 25 at </> = 0° to be unity. This normalized temperature may be written as 

TN (t0) = |T(0,to) - 251 [T(0 = 0, t0) - 251"1 

The eight graphs of T^ (\Q) versus 0 were superposed, and the average over tQ of the T^ (0,trj) was 
found. This average, T^ (0), is plotted versus 0 in figure 3. The dependence is characterized by a 
rapid decrease in T^ with increasing 0 to 20° and then by a less rapid decrease above 20°. A 
suggested curve is superposed on the data points in figure 3. 

10 -. 

<? (DEGREES) 

Figure 3. Normalized Thermocouple Temperature Versus <t> 



In figure 4, the suggested curve of figure 3 is superposed on similar plots (also for r = 
40 cm), obtained by Kelley.5 These latter curves, however, are derived from heat flux 
measurements performed on 2% M4 thickened Napalm Test Solvent (NTS) and on WestCO gel. The 
NTS is composed of 57% heptane, 20% cyclohexane, 18% ben^zenc, 5% 2,2,4-trimethyl 
pentane; Westco gel is described elsewhere.8 For these two fuels, the/ordinate of figure 4 is the 
normalized heat flux, SN, rather than TN. A 

-WESTCO GEL 

THERMOCOUPLE DATA 

6 
Z 
D 
UJ 

> 

is; 

0   (DEGREES) 

Figure 4.  Dependences of Normalized Temperature and Heat Flux on Q 

Technical Documentary Report No. ATL-TDR-64-34. Instantaneous Preparation of Flame fuels for I ire Bombs. 
Prepared Under Contract No. AF 08 (635)-3638, AFSC Project 670A, by Westco Research, a Division of The Western 
Company of North  America.    January  1964.    CONFIDENTIAL Report. 
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It can be seen from figure 4 that the basic dependences of Sjyj and T^ on 0 are the 
same: a rapid drop for small values of 0, and then a levelling off. Up to 0= 10°, the dependences of 
Sjvj and TJSJ are the same to within about 20%, and, in general, the smaller the 0 the closer the 
agreement. It is important to note that S^ and T^ were obtained from different flame agents as 
well as from different pool diameters (6.5 cm forTjyj and 7.6 cm for Sjsj). Because the flame-height 
to pool-diameter ratio changes with pool diameter, the dependences of S^ and T]y[ woidd not be 
expected to coincide precisely. 

From the suggested curve in figure 3, the quantity 

0n = 2.5n° 

AT (*n^        / TN sin0d0 

was   determined   for   n = 0,  1, 2 20.   The   upper    limit    of    50°    occurred     because 
the experimental data did not span 0 > 50°. The quantity Aj (0n) represents the sum 
of the temperature rise within an inverted cone of half-angle <f>n, whose apex is located at 
the center of the base of the flame agent. The quantity 

0n = 2.5n° 

AS (0n )= / SNsin0 d0 

0 

represents the heat flux emitted within a similar inverted cone. The fraction fs of the total heal flux 
(i.e., 0n =   50°) which is contained in such a cone is 

0n = 2.5n°       / 50° 

fs = As(0n)/As(5O°) =     r SN sin0d0 /   / SN sin0d0 

12 



The fraction 

0n = 15 n°                  50° 

f f !"T =  AT(0ii)/AT(5O°)=             I TN sin 0il0     I       TN sin 0 cl 0 

0 0 

was computed at 2.5° intervals over 0 < 0 < 50°. The resulting values of fy as functions of 0 are 
shown in figure 5. Figure 5 also includes the dependences of fs on 0 for 7.6-cm-diameter pools of 
burning NTS and Westco gel. The dots representing the M4 thickened unleaded gasoline in figure 5 
lie below the curves for Westco gel and NTS. This is consistent with figure 4. since a larger portion 

of the energy is emitted at larger angles for M4 thickened unleaded gasoline than is emitted for the 
other two flame agents. However, the basic dependences of fs and f j are similar and agree to within 

about 20';. 

As may be seen from figure 5, all three dependences are similar: the data points lie near 
the curve for NTS. and somewhat further from the curve for Westco gel. This indicates that the 
dependence of thermocouple temperature (above ambient) on 0 parallels that of the heat flux, 

suggesting that the thermocouple temperature may be scaled to the heat flux for points close to. 
but outside, the flame. 

Figure 6 shows fj compared to fs (here t's is the average of the fs for NTS and Westco 
gel) over the entire range of fv Since fj just spanned the range O<0< 50? the value of fy at 0=50° 
was chosen to coincide with t's at 0 = 50°. The close correspondence between fsand fj is shown in 
figure 6. 

Taking the T (0 = 0, t) curve in figure 2 and choosing its maxium temperature (4<).3C 

above ambient) to coincide with the heat flux (0.201 cal-cm"--sec"') at a corresponding position for 
Westco gel, the scale factor to convert thermocouple temperature (above ambient) to heat flux (also 

1 ") 1 1 
above ambient) is 4.07 X 10 ca!-cm"--sec -(°C) . Because the three curves of figure 4 do not 
coincide exactly, this scale factor must be regarded    as an approximation. To check its accuracy. 

13 
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Figure 5. Dependences of Temperature Fraction 
and Heat Flux Fraction on <p 
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Figure 6. Dependences of Temperature Fraction and 
Average Heat Flux Fraction on <p 
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scale factors were computed for <t>= 20° and 0 = 40°. They are 4.00 X 10"- eul-em"--see"'-("(')"' and 
3.07 X 10 cal-cm"--sec -("(') , respectively. An average value lor the scale factor may he taken 
as 

4 X I0"3 cal-cnf:-sec"1-(0(y1 
(I) 

which appears to be accurate to within 25%. It is to he emphasized that this empirical scale factor 
was arrived at for measurements taken at r = 40 cm and 0 < </>< 50". 

IV.     THIORY. 

This section is devoted to the relation between the radiative heat flux S incident on a 
thermocouple and the temperature T of the thermocouple, lor simplicity, heat losses by 
conduction through the thermocouple wires are neglected, although these can be considerable in 
practice. The heat transferred between the thermocouple and the source of the radiation are 
restricted to graybody absorption and emission processes. That is. the thermocouple head is 
characterized by an average absorption coefficient a. and an average emissivity e. These values of a 
and e shall represent averages over that range of wavelength for which the incident radiation (taken 
as wavelength - independent over this range) is non-zero. 

Let the thermocouple bead be a sphere of radius a. centered at the origin of the 
spherical coordinate system (figure 7). The non-diverging radiative flux is incident on the sphere and 
is parallel to the z-axis. 

Figure 7.   Coordinates of Interest for a Thermocouple Bead 

15 



The radiative flux incident on an element of surface area of the sphere dA • a~sin 0 d0d 0 
is dependent on the cosine of the angle between the incident flux and the normal to that element 
The cosine of this angle is cos0. The flux absorbed in passage through the sphere is S( I -e"011), 
where d = 2acos0. The total power Pa absorbed by the sphere is the sum over the surface area of the 
sphere of the product of the flux absorbed, the element of surface area, and -cos 0: 

TT/2     lit 

= 

0 =0     0=0 

a =   j       J     S( 1 - e "2a;acos <%cos 0)a2sin0d0d0 

This can be readily integrated to give 

P  =(2a2)_17rS[l -2a2a2-(l  +   2oa)e"2a;al a 

The radiative flux emitted by the bead is given by the Stefan-Boltzmann relation S„ = (47r)"'aeT , 
where T is in degrees Kelvin, and a is the Stefan-Boltzmann constant. 5.67 X 10"J 

erg-cm"--sec" -(°K)* . The emitted power Pe is the product of Se and the surface area of the 
emitter: 

Pe = oea2T4 

When the thermocouple bead is in thermal equilibrium, there is no accumulation of heat in the 
bead, and the power absorbed plus the power emitted equals zero. Equating Pg and Pe and solving 
for S 

S = 0T4 (2) 

where 

0 = 2a2a2oe(7r)-1 [2a2a2 - 1+ (1 + 2aa)e"2aa]_1 (2) 

To evaluate 0 for a specific thermocouple bead, the emissivity. the absorption coefficient, 
and the bead radius must be specified. 

Consider the example of a Chromel-Alumel thermocouple such as that described in 
Section II. The radius of the bead is 5 X 10"2cm. Chromel is 90% nickel, and Alumel is 94% nickel. 
Therefore,  the values of a and e   are taken as those for oxidized nickel.    The emissivity is 

^Handbook of Chemistry and Physics. 40 ed. Chemical Rubber Publishing Company, Cleveland, Ohio. 1959. 
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temperature dependent and may be represented by the following relation over 
400^T<J500°K: 

e =   0.27 +5.00 X \0A(T-213) 

where T is in degrees Kelvin (°C + 273). The absorption coefficient a = 5 X 10 cm"' represents an 
average over the wavelength span 0.2M to 4/i, which covers the regions of maxium emission lor most 
tlames.10 With these values 

j3 = 4.87 X 10"6 + 9.00 X 10"9(T - 273) erg-cm*2-sec-1-(°K)"4 

This can be rewritten as 

0= 1.16 X !0"13 + 2.15 X l0"16(T-273)cal-cm*2-sec*,-(oK)"4 

since 1.0 erg = 2.3881) X 10"8 cal. Then equation (2) becomes 

S=[1.16X 10"1 3 + 2.1 5 X 10"16(T-273)] T4cal-cm"2-sec_1 

with T in degrees Kelvin. 

The radiative flux of interest is that in excess of what is experienced under "ambient 
conditions." If the ambient temperature is taken as 25°C = 298°K, the ambient flux is 1.08 X 10~3 

cal-cm"--sec"'. Thus, a thermocouple recording a temperature T (in °K. not that above the reference 
temperature) is exposed to a radiative flux of 

A S = f 1.16 X 10"13 T4 + 2.15 X 10_,6(T- 273)T4 (3) 

- 1.08 X 10~3  } cal-cm^-sec"1 

above ambient. A plot of AS versus T is given in figure 8. with AS given in cal-cm~--sec"'. and T given 
in   C. 

It   has been  estimated   that  radiation   is  the  primary  source  of heat   flux within a 
flame.6'  '      and application of equation (3) is appropriate. 

Thermocouple   and    heat   flux   measurements   have    been    reported    for    tlames 
from    selected    flame    agents.        The      thermocouple      temperature versus   time    and heat 

10Kelley, C. S. EATR    4555.    Radiation    Transfer    Between    1 lame    Burning    Zone    and    Unburned   Fuel.      October 
1971.   UNCLASSIFIED Report. 

11 Smith. W. K. Burning Characteristics of Flame Weapon Fuels. US Naval Ordnance Test Station, China Lake. Technical Note 
40604-3. April 1967. UNCLASSIFIED Report. 
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flux versus time data were taken at specific heights above various masses of the flame agent. These 
data provided a check on the accuracy of equation (3). Four temperatures were selected (as seen in 
the table). The times at which the thermocouple temperature versus time curves recorded these 
temperatures were noted. From these times, heat fluxes were determined from the corresponding 
heat flux versus time curves. The average heat flux for each of the four temperatures is given in the 
table, along with values of the heat flux calculated from equation (3). The indicated deviations in 
the experimental values indicate the average errors of the values from which the averages were 
calculated. As may be seen from the table, equation (3) is most accurate at higher temperatures, 
based upon these experimental data. 

Table. Comparison of Equation (3) with Experimentally 
Determined Heat Flux Values 

Temperature Experimental 
heat flux 

Calculated 
heat flux * 

°C cal-cm"--sec~' cal-cm~--sec~' 

538 0.5+0.1 0.1 

704 o.o+o.o: 0.3 

810 0.8+0.06 0.5 

926 0.9+0.1 0.8 

Values of the heat flux calculated from equation (3). 

In the derivation of equation (3), conduction of heat from the bead by the 
thermocouple wires was neglected. For most thermocouples, the dimensions of the bead and the 
wires are comparable, and conduction of heat by the wires may be appreciable. Also, in general, 
there will be a transfer of heat by conduction between the bead and the gases flowing past its 
surface. Because of the flickering nature of the flame, an assumption of thermal equilibrium may 

19 



not be representative. Thus, equation (3) represents a considerable simplification of the 
thermocouple response; in fact, the observation that the thermocouple temperature may be linearly 
scaled to the heat flux (Section III) indicates that the actual form of equation (3) is more 
complex. 

V.     APPLICATIONS. 

The   criterion   for   ignition   of  a   cellulosic   target  which  is exposed   to  a 
time-dependent radiative flux S(t)is 

IS(t)] °dt (4) 

where the integral is evaluated from the moment the flux is applied, t = 0, to the time at which the 
target ignites, t = t:„. The value of R depends on the physical properties of the target. It is constant, 
however, once the type, shape, and orientation of wood is specified.   The value of c for wood is 
2.8. 

The parallel between the thermocouple temperature and the heat flux it receives, as 
suggested by the experimental data in Section III and the theoretical treatment in Section IV, is 
taken advantage of here to predict the ignition time of a hypothetical wood target. The target is 
located 40 cm from the center of the base of the flame agent (25 grams 2% M4 thickened unleaded 
gasoline) and at an angle 0 from the vertical to the center of the base of the flame agent. 

Because of the similar dependences of Tj^ and S^ on0 [see Section III, figures 4 and 5, 
and equation (1)1 theT(t) - 25 curves were scaled to heat flux curves by the scale factor, equation 
(1). It is this scaled heat flux, raised to the 2.8 power, which is used in the integrand of equation 
(4). 

We shall define a hypothetical ignition time, t:' , as follows. The S(t) curve at r = 40 
cm, 0 = 50° is raised to the 2.8 power and integrated graphically throughout the entire duration of 
fuel burning. This integral is defined to be R for some hypothetical wood target. That is, the target, 
when placed at r = 40 cm, 0 = 50°, would ignite just as the fuel burns out. Next, the S(t) curves for 
all values of 0 were raised to the 2.8 power, and the integrals performed over time until the integrals 
equalled R. The resulting times are designated tjg. 

The dependence of t-„ on 0 is shown by the data points in figure 9. The solid line in 
figure 9 is a suggested curve through the data points. The value of t-„ for 0 = 50° is arbitrarily scaled 
to 1.0. It will be seen from figure 9 that the hypothetical ignition time is relatively constant for 
values of 0 up to about 10°. As 0 continues to increase beyond 10°, the hypothetical ignition time 
increases rapidly, until at 0 = 50° it is about 15 times that at 0 = 0°. This demonstrates the 
relatively large potential for target ignition at small values of 0 as compared to large values of 0. 

20 
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Additionally, we performed thermocouple temperature versus time measurements at 
various heights, z, above 25 grams of the flame agent. Thermocouples were centered above the 
flame agent, which was allowed to burn to extinction. Ten measurements were taken at each height. 
The resulting temperature versus time data were broken into intervals of 20 seconds. The average 
thermocouple temperature during each 20-second interval for all 10 repetitions was computed and 
plotted. Slightly smoothed versions of these curves are presented in figure 10. The temperature 
decreases with increasing height. From the data in figure 10, the thermocouple temperature versus 
height at t = 2-, 4-, 5-, 6-, and 8-minutes were computed. These are presented in figure 11. From 
figure 1 1 it can be seen that the temperature versus height curves depend on whether z is greater 
than or less than about twice the pool diameter d. For z < 2d the temperature versus height 
decreases less rapidly than for z > 2d. Because these curves are time dependent, the dependences 
T(z), which are of the form T = A(t) zB^\ will not be given in the form of equations. Any desired 
T(z, t) may be found either directly from the curves in figure 11 or by interpolation between these 
curves. 

*—i—i 1 1 1 1 
0 2 4 6 8 10 

t (MINUTES] - 

Figure 10. Dependence of Thermocouple Temperature T on Time t 
at Various Heights above the Flame Agent 

22 



800 -. 

600 - 

400 - 

O    200- 

100 - 

80- 

60 - 

40 

= 2MIN 
= 4MIN 

= 5MIN 

= 6MIN 

B 8MIN 

-T~ 
4 

-r —j— 

20 6 8      10 20 

DISTANCE ABOVE BASE OF POOL, z (CM) 

-| 
60 

Figure 11. Dependence of Thermocouple Temperature T on Height z 
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The thermocouple temperature rise above ambient (T - 25°C) is considered to parallel 
that of the heat flux, as indicated earlier in this report. Thus we may use the data of figure 10 to 
compute the dependence on z of a hypothetical ignition time tj' The area under the [T(t) - 
25°C]28 curve for the z = 36 cm case is taken as equal to R for some hypothetical wood. Then the 
ignition time for z = 36 cm occurs as the flame agent is extinguished. Integrals of |T(t)- 25 C] 
for the other heights were computed over 0 <_ t <_tj„. The resulting dependence of tj„ on z is shown 
in figure 12. 
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The dependence of t[„ on z is well described by 

t-g = 6.8X 10": ?2A 

over the range 4 cm< z< 36 cm. Thus, the ignition time increases quite rapidly with height. 

Either the above equation or figure 12 of this report, together with the data in figure 9 
and figure 1 1 of Kelley's report,7 provide all the information one needs for determining the spatial 
dependence of the hypothetical ignition time about a pool of burning Napalm. Figures 9 and 12 of 
this report give the hypothetical ignition time as a function of position about a 25-gram pool of 
burning Napalm, whereas figure 11 of Kelley's report extends this dependence to any mass of 
Napalm ranging from 15 to 50 grams. 

VI.     CONCLUSIONS. 

Thermocouple temperature versus time measurements were performed on flames from 
burning pools of 25 grams of 2% M4 thickened unleaded gasoline. The thermocouples were located 
40 cm from the center of the base of the pool and at various angles 0 from the flame symmetry axis. 

From these measurements, the dependence of the thermocouple temperature on 0 was 
determined. The dependence is quite similar to that of the radiative plus convective heat flux for 
other similar flame agents: a rapid decrease up to 0 — 30° and then a far less rapid decrease. 

Using the similarity of the dependence on 0 of the thermocouple temperature and heat 
flux, the thermocouple temperature is converted to heat flux by an empirical scale factor. The 
dependence of the thermocouple temperature on radiative flux is derived for the case of small 
conductive and convective heat losses. 

From the thermocouple temperature data, the dependence on 0 of the time to ignition 
for a hypothetical wood target is predicted. With increasing 0, the ignition time is relatively 
constant up to 0~ 10°, and it then increases rapidly. This ignition time depends on the height 
above the flame agent, and is found to obey a power law, with the ignition time increasing with 
increasing height. 

Ignition experiments were performed on balsa, pine, maple, and oak. Both the 
time-dependent heat flux intensity and the time to ignition were measured. They are predicted to 
be related by an equation involving the density and spectral absorbance of the wood. This equation 
is confirmed experimentally and provides a criterion for the effectiveness of a specific heat flux in 
the ignition of wood. 
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APPENDIX 

PRESENTATION OF RESULTS OF EXPERIMENTS DESIGNED TO 
INVESTIGATE THE VALIDITY OF EQUATION (5) 

The criterion for ignition of a cellulosic solid that is exposed to time-dependent 
radiation is given by equation (4) of the text and it may be rewritten as 

I      [S(t)]2-8dt=35p°V2-8 (5) 

0 

The density p and the optical absorbance a are the physical properties of the solid that determine 
the ignition time. 

Samples of balsa, pine, maple, and oak were cut to blocks of dimensions 1/2 by 1/2 by 
3/8 inches. A small hole was drilled through the center of the largest face of each of the samples, 
and the edges and corners were masked with aluminum foil to keep them from igniting prior to the 
faces,1- as they have been observed to do. Samples were oven-dried at 1 10°C for 17 hours prior to 
testing. The sources of heat flux for the tests were the same as those described in Section II of the 
text. The heat flux sensors were Chromel-Alumel thermocouples whose wires were insulated with 
asbestos and then fitted inside pyrex tubes. The thermocouple beads and about 1/4 inch of the lead 
wires were exposed at the ends of the tubes. The exposed beads of the thermocouple junctions 
which were passed through the closely fitting holes in the wood samples protruded about I/1ft inch 
from the centers of the sample faces that were exposed to the heat flux. The thermocouple wires 
thereby served to support the samples. 

The thermocouples were positioned above the flame agent so as to be in direct contact 
with the flame. The temperature rise above ambient (T - 25°C) was recorded for each 
thermocouple, and the time of ignition was noted on the Visicorder recording strip. 

In the first set of experiments, 13 balsa samples were ignited. In the second set of 
experiments, two balsa samples, two pine samples, three maple samples, and two oak samples were 
ignited. The first set of experiments provided a measure of the constancy of 

<ig 

/ [S(t)l:8dt 

'^Smith. W. K. Ignition of F.dges and Corners of Wood. Naval Weapons Center. China Lake. Teehnical Note 4O604-1H June l<>7!. 
UNCLASSIFIED Report. 
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for   a   single    wood     type.   The   second   set   of  experiments    provided a check    on     the 
constancy of 

,-0.9o2.8      J      [S(t)]28dt 

for four wood types. 

The heat flux S may be written asS = Cj (T - 25), where C] is the scale factor for 
conversion of thermocouple temperature to heat flux (discussed in text). The deflection h of the 
Visicorder trace is linearly related to (T - 25). Thus (T - 25) = C2h, so that S(t) = CjC2 h(t), and 

0
J   [S0)]2*dl = C,2-8 J |T(0 -25]2-8dt= [qCj]"   > [hftH^dt 

Figures A-l, A-2, and A-3 give [h(t)]2° for balsa. The samples'positions were changed 
from test to test in order to vary the heat flux incident upon them. Because the Visicorder scale 
factor Co varied from channel to channel, the graphs were grouped by the channel on which   they 

TO 
were recorded. To obtain [T(t) - 25]*, each trace in the figures must be multiplied by the factors 
listed on the figures. The ignition time is indicated by the termination of the graphs. 

The integrals over time of [T(t) - 25] 2-8 are presented in table A-I.   The first column 

/ig 1 8 locates the particular test and   channel, the second column lists   /     [h(t)] z-°dt,    and   the   third 
0 

column lists C2
2   .  The fourth column gives 

/ 

'ig 
[T(t)-25]2-8dt (7) 

which may be rewritten by equation (6) as 

tig 
•\     f    [S(t)]2-8dt       35C' C;2-8/tlg

[S(t)]2-8dt  =  35C"2-8 p0.9a-2.8 

0 

In this   set   of experiments, Cj, p, and   a   were constant so that equation (7) is expected   to be 
constant.   From the values in table AT 

> 
J    [T(t)-25]2-8dt= 5.8 

0 
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C        =   1.68   x   10 

2 

CHANNEL 1 

T   O 

Figure A-l. Time Dependence of h"°. Measured on Visicorder 
Channel l, for Balsa 
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2.8 4 
C        =   2.32   x   10 

2 
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Figure A-2   Time Dependence of h2° Measured on Visicorder 
Channel 2, for Balsa 
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Table A-I.  Results of Experiments on the Piloted Ignition of Balsa 

Channel. test 

lig 

| [h(t)]28dt* 

0 

2.8** 
c2 

/ [T(t)-25]2-8dtt 

0 

A 322 > 5.41 

B 358 6.02 

C 333 >     1.68 5.60 

D 446 7.48 

E 323 J 5.43 

2 A 234 5.43 

2 B 236 "> 5.48 

2 C 246 5.71 

2 D 219 >      2.32 5.08 

2 E 244 5.66 

2 H 287 J 6.66 

3 A 132 
"N 

4.10 

3 C 140 
>      3.10 

4.34 

3 D 175 5.43 

3 H 291 J 9.02 

Units of cm^- -sec 

* Units of 104(°C-cm"1)2-8 

* Units of 106(°C)28-sec 
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with an average deviation of 0.8. Thus equation (5) is found to be accurate to within 14% for these 
tests. 

The results of the second set of experiments are given in figures A-4. A-5. and A-6. 
Again, the quantity  [h(t)r-° is plotted in each figure, and the tests are grouped by Visicorder 
channel in the figures. In these series of tests, the quantity 

/2.8 -2.8 
[T(t)-25]     dt = 35C, (8) 

is predicted to be constant, regardless of wood type. 

The quantities p. a, p      , and a"    are listed in table A-1I for the various wood types. 
Both p and a for these and other wood types may be found elsewhere. 

The last column of table A-III presents the values of the left side of equation (8) for 
the samples tested. From these values 

'ig 
/2.8 

[T(t)-25]     dt= 12.0 

with an average deviation of 4.6. Thus, for this set of experiments, equation (5) is found to be 
accurate to within 38%. Combining this accuracy and that of the first set. and assigning a weight 
factor for each set equal to the number of tests in each set, the overall accuracy of equation (5) is to 
within 237c 

These experiments confirm the empirical criterion, equation (5) for the ignition of 
n 

wood exposed to a time dependent heat flux. This ignition criterion was predicted from the 
experimental results of the piloted ignition of wood exposed to a constant heat flux.' - 

Wesson, H. R., Welker, J. R., and Sliepcevich, C.  M.   The Piloted Ignition of Wood by Thermal Radiation. Combustion and 
Flame 16,303-310 (1971). 
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Figure A-5. Time Dependence of h     , Measured on Visicorder 
Channel 2, for Balsa, Maple, and Oak 
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Table A-II.  Physical Parameters Which Influence the Ignition 
Time for Specific Wood Types 

Wood Density 
* * 

Absorbance p-0.9t ** 
2 8 

Balsa 0.09 0.75 8.77 0.421 

Pine 0.34 0.76 2.64 0.439 

Maple 0.67 0.76 1.43 0.439 

Oak 0.70 0.77 1.38 0.457 

* 3 Units of gm-cm 

Unitless 
+ Units of (gm-cm"3)28 
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Table A-III.   Results of Experiments on the Piloted Ignition of 
Balsa, Pine, Maple and Oak 

• lig 
lk 

Wood Channel; test f [h(t)] 2'8dt* r 2.8 c2 f[T(t)-25] 2-8dtf Average § 

J 
0 

J 
0 

/ig 

p-0.9a2.8 J [T(t)-25]28dt 

0 

Pine 1          F 698 1.68 11.8 
I     11.4 

Pine 1          G 468 1.68 7.87 / 

Maple 1          H 229 1.68 3.86 
^ 

Maple 2          F 559 2.32 13.0 1       7.75 

Maple 3          H 663 3.10 19.7 j 
Oak 2          G 459 2.32 10.7 

f        7.73 
Oak 3          F 441 3.10 13.7 ) 

Balsa Data taken from table A-I 5.8 21.3 

** 
Units of cm^-°-sec 

Units of 104 (0C-cm-1)2-8 

t Units of 106 (°C)2-8-sec 

§ Units of 106 (gm-cm"3)"°-9-<0C)2-8-sec 
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