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FOREWORD

The studies described in this report were performed during the
period 15 March - 15 October 1968 on NASA Contract NAS 12-623 at the
Féctory Mutual Research Cprporation. Three scientific papers are in
preparation at this time. Abstracts of two papers have been submitted
for presentation at the 1969 meeting of the Central States Section -
The Combustion Institute to be held March 18-19, 1969 in Minneapolis,
Minnesota:

(i) U. Bonne: "Radiative Extinction of Diffusion Flames"

(ii) S. Atallah, U. Bonne and J. N. deRis "Fires in Spacecraft

Environments"
The third paper will cover the theoretical aspects of zero-gravit&

combustion and is being prepared by J. N. deRis.
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ABSTRACT

A theorectical model was presented to describe combustion in a zero
gravitational field, The differential equations describing energy and
mass conservation of such a system were solved by assuming:

1. Very fast reaction rates.

2, Stoichiometric combustion at the reaction zone.

3. Radiative heat losses proportional to the rate of heat
release by combustion,

4, TFlat fuel surface,

Expressions were derived for the burning rate of the fuel, the flame
temperature and position and other combustion parameters. A critevion for
the flammability of a fuel in a zero~g field was also derived. The impli-
cations of this model were discussed.

An upper limit for flame extinguishment time was found by calculating
the time necessary for a laminar diffusion flame to cool below the
ignition temperature by radiation only, A flat diffusion flame burner
was constructed and used to estimate the extinguishment time, Satisfactory
agreement was obtained when compared with the extinguishment time for
paraffin as found in experiments performed in aircraft traversing zero-g
curves., Other methods for simulating zero-g in the laboratory were
suggested, '

Equations predicting the temperature and pressure rise due to a fast de-
veloping fire in an enclosure were derived. Several models for the burning
of solid materials were postulated and used to predict temperature and
pressure variation with time. The results were compared with experimental
data and with the Apollo accident pressure record, Both sources indicate
that a burning model leading to an exponential increase of burning rate
with time is the most appropriate,

Previous work on the self~heating of wire bundles was reviewed. The
derivations were extended to the case of a sheathed wire bundle. Recom-
mendations for further work on bundles consisting of different wires
carrying varying loads were made,
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NOMENCIATURE

Surface area (cmz)
Yag Q (1-%)  Cp (Tvap-To )

Mass transfer driving "force" =

Mo W' L L
Specific heat (cal/g°C)

Average molar specific heat (Cal/g-mole °C)

Number of carbon atoms in C. Hy Oy

Mass diffusivity (cm?/s)

Diameter {(cm)

Volumetric fraction occupied by soot (dimensionless)
Heat of combustion (cal/g)

Heat transfer coefficient (cal/cm?s °K)
Number of hydrogen atoms in C. Hy Oy

Overall thermal conductivity of wire bundle (cal/cm s °K)

Fuel evaporation constant (cmz/s)
constant

Heat of vaporization (cal/g)
Hot gas layer or flame thickness (cm)

A

Lewis Number = (dimensionless
RCpD

Molecular weight (g/mole)

Mass of fuel (g)

Massvburning rate (g/s)

Rate of specie "i'' mass generation per unit area (g/s cm?)
Rate of specie "i' mass generation per unit volume (g/s cmd)
Number of moles

(QV) L - (dimensiohless)

y=0 Co Dyo
Pressure (atm)

Heat liberated by burning V! moles of fuel (cal)
Heat content of enclosure (eal)

Rate of heat generation per unit volume (cal/s cm3)
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Nomenclature (Cont'd)

I} !
rad Rate of radiation emitted by flame per unit volume (cal/s cm3)

q"! Rate of energy developed per unit volume
R Gas constant (atm cm3/g~mole %K)
Ry (t) Radiative heat transfer received by fuel surface (cal/cmzs)
) 2 Ry (t) v/f;" (dimensionless)
L C» Do
s Radius of wire bundle (cm)
T Temperature ( °K)
t Time (s)
v Volume of enclosure (em3)
v Velocity of gas away from vaporizing surface (cm/s)
X Number of oxygen atoms in C, Hy, Ox
X Characteristic diffusion length (cm)
Y Mass fraction in the vapor phase (dimensionless)
v Distance away from the fuel bed (cm)
z Height (em)

Greek Letters

o< Proportionality constant

@ go &
ki1

€ emissivity (dimensionless)

c ‘)\"" Y (dimensionless)
22w JDE '

o]

6 T-T, ("K)

A Thermal conductivity (cal/em s 9K)
also hie + br (Ct;ll)

vy, Yﬁ Stoichiometrie coefficients (mol)
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Nomenclature (Cont'd)

y.
1 f @ dy  (dimensionless)
2y bt 3 Cu

Density (g/em3)

Stefan ~ Boltzmann constant
~1

-12 -4
=1.355 (10 ) cal s

-2
cm 9K
Time (s)

Transmissivity (dimensionless)
Thickness (cm)

Cp(T-Tw) . (Yo-Yow ) Q (1-X)

1 (dimensionless)
L Mo W§ L

sz QA1 . o-¥ow) Q (1-%) (dimensionless)
' Mg VL My V) L

q% 22_55:32_2 (dimensionless)

X Fraction of chemical energy released in the form of

radiation.

Subscripts

F Fuel

f Flame

g Gas

o Oxygen, initial

P Product

s Soot

W Fuel bed

0 Ambient

1 Initial, also wire bundle

2 Final, also sheath



1. INTRODUCTION

The use 0of high oxygen concentrations in manned spacecraft. coupled
with physical restrictions on the movement and egress of occupants present
a fire hazard unlike any encountered normally on Earth, 1In addition, the
behavior of fires under an abnormal gravitational field is not completely
undexstood. This is particularly true during weightlessness the duration
of which is usually the longest period in current spaceflights.

Since it is impossible to remove non-flammable materials from the
space cabin completely (food, human hair and skin are combustible) one
can only try to reduce these combustibles to a minimum, Furthermore,
one cannot completely eliminate thermal energy sources. The need for
electric energy to power communication, refrigeration and other devices
presents the other link needed to initiate the combustion process.

The main purpose of this study was to consider combustion in zero
gravity theoraetically and to attempt to simulate its essential features
in the laboratory. 1In addition, the temperature and pressure rise due to
a fire in an enclosure and the self-heating of electric wire bundles were

to be investigated.



2. COMBUSTION AT ZERO-G

2.1 Influence of Gravitational Forces on Fires

A space vehicle experiences short durations of high-g forcés during
launch and re=-entry. An orbiting vehicle is essentially at zero-g, while
a vehicle on the lunar surface experiences one-sixth of the gravitational
force present on Earth. In studying fire hazards within space vehicles,
the role that gravitational forces play in the combustion processes have
to be considered. The rate of burning and the composition of combustion
products are governed to a large extent by the rate at which these
products are removed from the burning surface. This rate, in turn, is
dependent on buoyant forces which result from density differences in the
gravitational field.

In comparison with work on flammability in oxygen enriched atmos-
pheres, combustion under a gravitational force other than that on Earth,
has received very little attention. The reason for this is that it is
rather difficult and inconvenient to reproduce high, low or zero-g in
the laboratory. High-g can be generated in a centrifuge but the apparatus
must be large enough to contain the necessary instrumentation. Flamma-
bility experiments performed at Atlantic Research Corporation (1) in a
centrifuge have shown that an increase in g increases the upward rate of
fire spread on vertical surfaces of solid combustibles. This effect was
most pronounced between one and six-g but not much beyond six-g. The
average heat flux and heat transfer coefficient from the flame increased
slowly. Theoretically, these should vary with g0‘25 for laminar flames
and go'4 for turbulent flames. The temperature levels and profiles and

the flame height were not significantly affected at high-g.



Low~g can be produced by allowing a mass to fall freely while
connected to a smaller counterweight through a pulley system (Atwood
machine). Again, the size of the apparatus must be large if long dura-
tion steady state observations are desired. Such an apparatus was used
by Kumagai and Isoda (2,3) to study the burning rate of liquid fuel
droplets at low-g. These results agree with what one would expéct by
extrapolating high-g data.

Zero=-g experiments on Earth employing free fall (2,3) are again
limited in duration by the height of fall (1 second for a 4.9m fall,

2 seconds for a 19.6m fall). Aircraft travelling in zero-g curves have
been employed (4,5,6) o give between 12 and 28 seconds. These times
are still too short to make such quantitative observations as the rate
of burning, ignition and flame temperatures and the composition of
combustion products. Consequently, zero-g tests have, thus far, been
essentially limited to qualitative observations and photography. Ideal
zero-g combustion experiments would require an orbiting satellite. A
series of a hundred zero-g flammability tests is planned as one of the
experiments to be performed on the Multi-Dock Adapter of the Orbital
Workshop which is part of the Apollo Application Program 7,

Because of the difficulty and expense in performing true zero-g
experiments and because of the lack of information in this area, an
attempt has been made to simulate the essential phenomena occurring during
zero-g combustion by theoretical and experimental models. These attempts

are described in the following paragraphs.



2.2 Mathematical Model

2.2.1 Description of Simplified Model

Figure 1 shows a simplified theoretical model of combustion at
zero-g. Because of the absence of convection, the flame moves away from
the fuel and toward the oxygen. Meanwhile, the fuel bed absorbs heat as
its temperature rises toward the vaporization temperature of the fuel,
Tyap- The fuel bed receives energy from the flame and the hot combustion
products by conduction and radiation. The excess emergy which is not
absorbed by the fuel bed serves to vaporize the fuel, The fuel vapor
diffuses toward the flame front, where the fuel reacts with the available
oxygen. The concentration of fuel and oxygen are zero at the flame.
(This implies an inﬁinitely fast reaction rate.)

As time increases, the flame moves further away from the fuel bed
and the characteristic diffusion length' for fuel and oxygen increases. Thus,
the concentration and temperature gradients decrease and congequently,

the combustion rate decreases.

2.2.2 Pormulation of the Governing Differential Equations
Gas_Phase
The single global reaction, taking place at the flame front is

W'y (Fuel) + V', (0xygen) —u \)”Pl (Product #1) + 'V"Pz (Product #2) + Heat

where '; and )", are the usual stoichiometric coefficients.

Define Q as the heat released by the combustion of 'v'F moles of
fuel with ', moles of oxygen.

Tt will be assumed that a constant fraction X of the heat released
by combustion will be in the form of radiation. The combustion of

Mg *Q'F grams of fuel will thus result in "X Q radiative heat release.
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If the gases are assumed transparent, and the fuel bed has an emissivity
€ , then the radiant heat received by the fuel bed is (1/2)€'X Q for the
combustion of My ‘v'F grams of fuel. Only half of this radiation is
directed toward the fuel bed.

A Lewis number, Le = AJ( eCpD), of unity is assumed, since the
molecular processes of thermal diffusion and mass diffusion are similar.

The time~dependent one-dimensional thermal energy equation is

BT 2T a T 211t nt

C . — W —— nes—— = - 1
Cp ot + ecpv 2y Y ¢ A BY) 9ehem rad 1)
where qgﬁem is the rate of thermal energy released by combustion per

unit volume, and d;; = q"! is the net rate of radiative heat loss

d qchem

per unit volume.*

The time-dependent one-dimensional specie equations are

Y Y. : Y. "
Rt v ot (P ) - )

£ oy 9y i
where Y;(y,t) is the mass concentration of specie "it, and mg' is the
mass rate of formation of specie "i" per unit volume.

Now consider the dimensionless functiont

= Cp(T = ), 4 (Yo - Yog) Q (1 -X) 3
P o0 =Gl de) o (o cYou) o 3

where L is the heat of vaporization of the fuel, while T, and Y6 00

are respectively the ambient temperature and oxygen concentration at

* Since convective heat losses due to density gradients are absent at
zero~g the only energy loss mechanism, besides conduction is radiatiom.
In order to facilitate the solution of the energy equation, the net
. . 2 . AT e 2T
radiative heat loss is approximated by qrad'ixqchem .



infinity. For convenience Cpl has been defined so as to be zero at
infinity. By combining the energy equation and oxygen specie equation
with unity Lewis number, one has

MY Lyt

0@ 29, 3 A 9P _ dchem (1-%) L W Q (1 -X)
(’at*evay'ay('é; 5y T T +MZ\)"OL

=0 (4)

The right hand side of this equation is zero because the heat,

Qﬂél—j§§*l is released into the temperature field when unit mass of
0 0

oxygen is consumed.

Similarly, consider the dimensionless function

YEQ(]-"?C‘) =z (Yo'Yom) Q(l"?(-)

t) = (5)
<P2 (y’) M_F ,_OiF-L Mo ))'QL
By combining the specie equations for fuel and oxygen, one has
9%, 2% 5 a 3%
€%c "0 T3y "oy, oy
"t 1t
_ oy Q(1-X) ity Q (1 -%)
; e T
Mp g L Mo o L (6)
= 0
The right hand of this equation is also zero, because My \)'F grams
of fuel are consumed with M, \)'0 grams of oxygen.
The continuity equation provides
1% o
3oty (ev =0 (7)

Since the velocity, v, is always much less than the speed of sound,

one can assume that the pressure is constant and ignore the momentum



equation. Assuming that the chemical reaction does not significantly

increase the number of moles, the equation of state at a constant

pressure provides

eT= e T
Fuel Bed

Assuming constant properties of the fyel bed, the conduction

equation is

. 2
6)W pr %%4' PWCPWVW%%H )W”%%=o’ tor y&o0

where the convection (i.e. middle) term describes the slow motion of

(8)

(9

the fuel bed toward the statiomary vaporizing fuel surface. This term

is relatively negligible.

Conservation of mass at the fuel surface implies that

& v (0 = Cew|

Thus, in terms of the dimensionless temperatyre

- S (T - Ty )
@S(y,t) —

The above fuel bed conduction equation becomes

i,c_p.?».+,1,_( | 2% xe  2%
at QW QV y_o'ay QWCPW ayz

Boundary Conditions

@1 and @2 are defined so that

@

1 and (Pzw-«-r 0 as y-=00 or t-—>» 0

(10)

(11)



Also @3 is defined so that

Py—=0asy =0 ort —s0 (12)

At the vaporizing surface, the temperature of both the gas and the

fuel bed will be quite close to the boiling point of the fuel, Tyap*

Noting that there is no oxygen immediately above the fuel surface, one

has
Py 0,6y = 2-Cvap” Tee ) (13)
and
P 0,0 =G Bup " ) om0 (3) e
Q (o]

where B is commonly called the mass transfer driving 'force'.
At the fuel bed surface the rate of fuel vaporization is
proportional to the net heat transfer to the surface. If (Qv)y=o is

the mass flux from the surface

- oT a7
(pv) L= A3  + R (1) - A, 9L
y=0 9y y=0 \1 oy y=o

where L is the heat of vaporization of the fuel (presumed constant),
and Ry (t) is the net radiant heat transfer received by the surface,

In terms of (91 and qg, this equation becomes

A 0% R _ Ay 0%

@y " By |- T C, oV (13)
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The final fuel surface boundary condition describes how the fuel

surface mass flux (@ v) is carried by bulk flow (convection) and

y=0

diffusion into the gas phase. Thus

IF (o,t)
y

L:V

(@ M)y = (RM,_, Yp (0s0) - @D

Y

or in terms of qé

oP y
2l _ Q1 =-%x) ;Yo QA -X) @
D———{ = - (ev) ) 4 0 - ® o0 a6
Ty ot y=o Mg DFL Mo ¥'o T 2

Except for the specification of the radiative heat transfer term
Ry (t), the formulation is now complete. The five governing equations
4), (6), (7), (8), and (10), with the initial conditions (11) and (12),
and the boundary conditions (11-16) form a well set problem for the five

unknowns o v CPl, (02 and (P3.

2.2.3 Solution

These equations and boundary conditions can be considerably simpli-
fied by the following similarity transformation which also transforms
the temperature dependent density, conductivity and diffusivity to
their ambient values.

Let

y
1 @
= — . dy, fory 2 O (17)
’ zﬁ:”tf % i
Q

= - :\“’YD , , fory £ o0 (18)"
t

W o0

T = (19)
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-2 R1 (D) T (20)

e, Vg

and

n (T) = -L1— l—(gv)y

(21)
Qoo ’ Doo

=0
The last equation defines the dimensionless mass transfer n (T)
which, together with ry (T), will be shown to be independent of T .

Using equations (7), (17) and (19) one obtains

0 z l - '% Py 4 2 ()
a’t|y 2T 2@ /DT 2 v

and
Dt ©
a y’l.‘ 2 ean \/ Du“’vf

Using the chain rule, the gas-phase equations (4) and (6) become

3P 0P 3%
4T 1+2{n('€‘)--}» t Lt =0fori=1,2;%2 >0 (22
7 v g 3 S azz Z 7 )
where (O)\ is assumed constant and equal to Poo )\oo . Again, a

unit Lewis number, Ao =1 is assumed.
eC D
0 P e

The fuel bed equation, (10), becomes

0

2P R0 Ao LAY Ao S © 2P
41—5—’;,2.4-2{(?‘0 AW n(’t)—?} 35(3_)\W PWCP:’ baqu

for G & 0 (23)



The initial conditions and boundary conditions (11 to 16) become

respectively

CPl and CPZ——-—>O as ?——»oo

CP3——>0 asg——z—--oo

(PB _C (Tyap - T )

ag %=o+ &g G =o-
and acp
2 ol o () |22 %) ¢ Yow 00 -X) -0
0¢ My v'p L Mov' L 2

oot ;

12

The easiest way to solve these equations is to guess first that

CP1 (g,'l’), CPZ (%,7), <P3 (s,'t'), n (T) and r; (T) are all‘

independent of T, and then verify that the solution satisfies the

original T dependent problem.

The solution of Eq. 's (22), ignoring their time dependence is

(Pi(i() = @i (0) exfe (g’ - 1) ;s for i =1,2

erfc ( - n)

where the boundary condition equation (24), has been used. In

particular,using the boundary condition equation (27), one has

(P (§)=_43erfc(g-n)
1

erfc ( = n)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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Similarly, the solution to equation (23), with equations (25) and (26) is

}\oo Q_,,' pr a Ay ew Cpy

erfc - ___T_.._(;
Q - Cp (Tvap - T ) Mw Ry Cp Ao S0 Op
3 (G) = =———7 (32)
)\oo 9 CP
0 Pw
erfc | n
Rate of Fuel Vaporization
Substituting equations (31) and (32) into equation (28), one
arrives at the mass transfer relationship
2B (‘-nz)
2n= £XP + ¥,
,/7r erfc (-n)

L >\w QwCP \I_TF />\oo e,o CPW ]
erfC\/ 7\w Qw Cp IlJ

This important equation relates the mass transfer n to the mass transfer
driving "force'" B, the radiative heat transfer Ty and the thermal drain

of the fuel bed.

The last (i.e. the thermal drain) term can be simplified by noting
A c
that -——QLEQLEBE lies between 107 and 1072 for almost all types of
Aw @w O

solid or liquid fuels. For n not too large relative to unity,

equation (33) is

on = 2B _exp (-n? +r, - Op (Tvap = Too) lm_QJLERL_L_ (34)

(T erfc (-n), 1 | L Mo Rl T

This simplification implies that the term QM,CpW Vig ELI in equation

oYy

(9), which term describes the slow motion of the fuel bed toward the

vaporizing surface, is negligible.
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The function CPZ (%) can be calculated by substituting equation

(30) into equation (29) and then using equation (33) to evaluate (PZ 0).

[Q (1-x) +Y0m Q (lfx)] erfe (S - n)
MpY'F L Mo v'ol erfc (- m)

?, (€)= - [ o sz]

r Cp (Tyap-T R, C
B+1- Ly S (Tvap-Too) ;_ Aw S b
C
2n 2n L erfe [Aoo (sg Pw
)tw ew P
(35)
Flame Temperature
At the flame (y = g or g = E(f), the fuel vapor and oxygen
concentrations are zero. Therefore, equations (3) and (30) provide
q) ( g) ~Cp (Tf~Tee ) Yoo Q (1 "35) _ B erfe (if - n) 36
1t L M, V', = erfec ( - n)
where Tg is the flame temperature.
In addition, equations (5) and (30) provide
Yoge Q (1 =X erfe (&5 - n)
CPZ(gf) T Mo v'o L - CPZ O 5 ( - n) (37)

Combining equations (36) and (37), one obtains

Yo Q (1 -X) B
CP(Tf_ToO)— N 1 -

My, Vo P, 0

Using equation (35) for CPZ (0), the flame temperature becomes

Cp (T¢ = Too) = -
exp[— A eeoCPW 2
1-%) = R1(t) Aw @ wCpw Aw €y C P .

EEF TN R W { :
I~ ewcp
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where equation (20) has been used for ry- The numerator of equation

(38) is the net heat released into the gas-phase temperature field while
unit mass of fuel is burned. The denominator indicates the total mass

of gas into which this heat is deposited when unit mass of fuel is burned.

Flame Position

Inverting equation (17) one has

Now using equations (8) and (3) this becomes

e Ef |
ye=2Dot| L a% =27 t-:::—-— [@1(§)+§:@—3§1-‘%C—l+1]d§

which can be integrated to obtain

Too

2 _ _ 2
L L'“ S % n)] (39)
—,’7r'\ erfc ( -n)

One sees, from this equation, that the distance between the flame and

_ TVaE BL . erfc( af-n) ) -
yf = 2\/ Dw t Tw g -+ Cp [( g(f - Tl) (1- erfec ( —n)

fuel bed increases directly with J't . To evaluate Ve numerically, one
can determine gf from equation (37) using the value of @2 (0) from

equation (35).
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Burning Rate at the Flame

Define -ﬁ; as the rate per unit area with which fuel is consumed

at the flame sheet. From equation (2) one obtains

Using equation (17)to transform y to g and then integrating, one

obtains, (noting that g (a ) is continuous)

¥ R
i = ? D? aaF

&-

or, in terms of (FE

Q% e M VP oL o P,
2 t Q(l-x) ag

(40)
My Vp L "~ E{f -n)*
- @ (P (0) [Pee F_“F e
® 12 Tt Q (I-x) erfc ( -n)

Flame Radiation

It was assumed in the formulation that the radiation is proportional
to the rate of combustion, That is the rate of radiant energy release

it st = St -
per unit volume d0q x

h ; Therefore, the rate of
chem Mp V'p

Yg-



17

or, using equation (40)

X1, 9, /D " ( gf_n)z
* 1 = i () e 41
Irad " T -% e‘” 2 © Tt erfc ( -n) 1)

If the gases are transparent, and if half of the radiation is directed

toward the fuel bed, then the radiative heat transfer received by the

fuel bed per unit area, Ry (t), will be
-( gf -n)z
1 2 rad 2 (1 ~-%x) Tt erfc ( -n)

where € 1is the emissivity of the fuel bed. Thus

- &;mn)?
o) fe xXE 1 P (o

e (43)
L eoo Dy 1-% \/_Tl_'- erfc ( -n)

r1=_=

Equation (43) shows that ry is independent of time. This verifies
our assumption made in the paragraph following equation (21), since
from equation (33) we already know that n is independent of time if £y

is also independent of time.

2.2.4 Summary and Conclusions

The transient problem was formulated and then transformed to a
similarity problem. This transformation also converted the temperature
dependent properties (density, diffusivity and conductivity) to their
ambient values. By assuming that the flame radiation is proportional to
the rate of combustion, it was possible to solve for: the rate of mass
transfer, (9‘0y=0 =n Qw %EL-, equation (33); the flame temperature,
Tg, equation (38); the flame nosition, yg, equation (39); the rate of

fuel consumption at the flame, t''p, equation (40); and finally the

radiative heat transfer, Ry (t), equation (42).
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The previous equations show that: Y increases with the square root
of time; Tf is constant; and ( Qv0y=o, &;, and R1 (t) decrease inversely
with the square root of time. These results are what one might
intuitively expect with the approximation of i;;d = jCégﬁem made in
Section 2.2.2.

A consideration of equation (33) shows that if n)’O, a flame will
propagate away from the fuel bed. However, if négD , no flame will
occur because too much heat is absorbed by the fuel bed interior. It
can also be seen frohm eq. (33) that the critical condition, n = 0, occurs

when

0= 2B 4+ 2 Cp (Tyap = T ) M Oy Cpy 2

rif’ 1 L jkoo ea: Co Jﬁf‘

When n = 0 there will be no mass transfer, and thus no radiationm

i.e. ry = 0. The critical condition becomes

B = Yoo Q (I-%) - % (TvaP—Tno ) = CP (TvaP'—Tw ) RW PW Cpw .
M, Vb L L L N S0 O

C -
For most fuels burning in air, the term (Tza Tog ) is generally

much smaller than the mass transfer driving '"force" B. Thus, the

critical condition is approximately

Yoo Q (1 -X ) Rooeo_o Cp 2 1

My Vg Cp (Tyap=Te ) Mo Cu Cpy

(44)

This last equation should provide an estimate of the flammability of
fuels in a zero gravity field.
Equation (34) was used to calculate the mass transfer number, n,

for several typical liquid fuels burning at zero g in pure oxygen at
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1/3 atm and in air at 1 atm. The radiation term, rq, was neglected as
a first approximation. ULater, it was included for one particular fuel.
The calculations showed that, when radiation is neglected, alcohols
ranging between CH30H and C4H9OH, and paraffins ranging between CHy, and
CgH1g should burn (i.e.tg>0) in the pure oxygen atmosphere. On the
other hand, n§ aleohols will burn (i.e. n<<0) in air at 1 atmosphere
while paraffins falling between CH4 and CgHyp will burn.
A typical value for n = 0.59 was calculated for CoHs50H in pure 09
at 1/3 atm. By employing the definition of n as given in equation (21),

the fuel vaporization rate at the surface, (Qv)y becomes

(@¥)yey = 0459 Qw / Do

.0001

0 —— g /szs
t

=0

(It should be pointed out that time t begins after ignition had already
occurred by some mechanism such as a high energy pulse.)

The effect of including the radiation term on the burning rate was
studied for CgHig in pure Oy and 1/3 atm. It was assumed that 20% of the
chemical energy liberated is radiated and that 507 of this energy went
back to the fuel bed. The result was a slight decrease in n from 0.26
to 0,24. This implied that Heat transfer by conduction back to the fuel
was a slightly more efficient mechanism than radiation. However, when
100%. of the radiation was assumed to go back to the fuel, the value of n
increased to .475, This would be expected since the total heat transfer
back to the fuel had been definitely increased.

There are no experimental data with which to compare the predicted

burning rates. As pointed out earlier, this theory is strictly
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applicable to a flat fuel where the dominant extinguishing mechanism is
the thermal drain from the flame into the cold fuel bed interior.
Kumagai and Isoda's (2,3) experiments, for instance, were limited to
small spherical droplets wﬁich reach thermal equilibrium very early in
the combustion process and thus offer minimal thermal drain from the
flame. Thus, it is not surprising to note that both heptane and ethyl
alcohol droplets did burn in air at 1 atm while this theory predicts

that they do not.



2.3 Simulation of Combustion at Zero Gravity 21

2.3.1 Previous Work

Qualitative observations of sm?ll fires under actual zero gravity
conditions were reported by Kimzey et%al(s), Hall(4) and Stevens et a1(6).

Kimzey photographed the combustion of different pieces of polymers
and paraffin during short periods of weightlessness in airplane flights of
parabolic trajectory,., His cine film of the combystion of paraffin showed
that after a visible extinction of the flame at 0.84 seconds after
ignition and a period of 4.25 seconds of darkness, the flame reappeared.
This was due to either a return to gravity or the collision of the com-
bustion chamber with the aircraft wall.

Stevens et a1(6) burned small samples (3.2 x 0.6 x 0.3cm) of
polyethylene in pure and diluted oxygen atmospheres (at 256-569 mm Hg)
in the same combustion chamber used by Kimzey. The times for burnout
under zero gravity conditions were found to be roughly 50% higher than
in normal gravity. This result agrees qualitatively with results obtéined

by Kumagai and Isoda(z’s)

who measured burning rates in air of suspended
fuel droplets (n-heptane and ethyl alcohol), flame diameters and hot gas
diameters in gravitational fields varying between zero and one~g, produced
in a falling chamber. They found that, regardless of the gravitational

field strength, the known relationship between the mass burning rate and

the droplet diameter for diffusion flames is valid.

m =gt d | (45)
Where m = mass burning rate (g/s)

d = fuel drop diameter (cm)

& = proportionality constant.

This means that the related expression for the decrease of droplet

size with time also holds.

2 2
do - d =kt (46)



Where t = time (s) 22
d, = initial fuel drop diameter (cm)
k = fuel evaporation constant (cmz/s).

However, k was found to increase considerably when gravity varied
from zero to one-g. Values for n-heptane and ethyl alcohol were respec-
tively 0.0049 and 0.0046 cmz/s at zero-g and 0.010 and 0.0075 cmz/s at
one-g,

Kumagai and Isoda made an attempt to measure the visible flame
diameter and the diameter of the hot gas sphere. Whereas the flame
diameter reached a maximum after about 0.5 seconds (the free fall height
was only 5m), the hot gas diameter as observed by schlieren photography
increased initially as the square root of time and later at slower rates.
For droplet sizes of O.lem, the flame diameter had increased to 2Zcm
after 0.1 second.

Cocran(s) is preparing experiments at NASA-Lewis for studying the
behavior of low momentum fuel jet diffusion flames and the flammability
characteristics of various materials under zero-g conditions. 'Two
drop towers are available for zero-g simulation. One is 26m high and is
used for preliminary experiments and the other is 152m high equipped with
pumping facilities so that free fall can be studied in vacuum. The
maximum period of weightlessness available with the 152m drop tower is
eleven seconds. No studies are under way or planned at this time for
determining flame extinguishment time or maximum flame thickness.

Obviously, steady state combustion of a flat surface is not
possible in the absence of natural convection. The increasing thickqess
of the layer of combustion products which separates the fuel from the
surrounding oxidant increases the time for the diffusion mixing process
of a stoichiometric unit of fuel and oxidant. When the rate of energy

loss due to radiation and to conduction outweighs the rate of energy



release by combustion, the flame will be extinguished. The determination
of the factors governing the characteristic self-extinguishment time

and the thickness of the final layer of hot gases having a temperature
just below the ignition temperature is of special interest to the space=-
craft fire hazard.

Kumagai and Isodé had neither enough fuel nor time for measuring
the final flame thickness and extinguishment time. On the other hand,
small perturbations during weightlessness may have prolonged the lifetime
of the flame during Kimzey's experiments without being visible to the
cine camera.

The remainder of this section is devoted to a description of
theoretical and experimental models which were employed to simulate
the essential phenomena occurring during zero~g combustion.

2.3.2 Radiative Cooling of Diffusion Flames

2.3.2,1 Introduction

The mathematical model described in section 2.2 predicted that
during zero=~g combustion of a flat surface, the temperature of a non-
radiative flame should remain constant with time. This was also true for
a flame in which the rate of radiative energy release was proportional
to the rate of combustion energy generation. These concepts are physi-
cally unrealistic. The rate of radiation should increase with time in the
initial stages of the combustion process due to an increase in the product
gas layer thickness while the flame temperature should decrease.

Because of the importance of the radiative cooling process of
combustion products during zero-g burning, the extinguishment times of
diffusion flames due to radiation alone were calculated. These provide
an upper limit for extinguishment time since the presence of conduction

helps speed the extinguishment process. Two cases were considered:

23

(i) Cooling of a semi-infinite hot gas layer of constant thickness

(ii) Cooling of a flat-diffusion flame of increasing thickness.
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The reason that the second case was considered was that a flat

steady state diffusion flame can be used to simulate zero-g combustion

quite effectively, The transient combustion process present in zero-g

is replaced by a progressive change in thickness in the vertical

direction brought about by the same physical diffusion mechanism present

in zero~-g transient flames. This is discussed further in paragraph 2.3.2.3.
In both cases, the radiating gases were assumed to be composed

6

entirely of COp, H9O and a reasonable quantity of soot equal to 10~

volume fraction. The emissivity of the gaseous mixture,eg, was found

by using the methods described by Hottel and Sarofim(g). The soot
emissivity, E.S, wascalculated from the relation(g)
I 4
! ]
€ =1- |~ . (47)
s 1+Kf 1T |
v
Where K £ 5.2 cm"’1 OK"1 recommended for a pure carbon soot
fv = volumetric fraction occupied by the scot particles
L = flame thickness (cm)
T = flame temperature (°K)

Assuming gray gas behavior, that Kirchoff's Law applies and that soot

particles are non-reflective, the total emissivity of the flame,€1? was

calculated by the equation(le)

kg

1-& =TT = a-e) a-g)

o
[ai
m
h
i

-6, +€ -€, €, (48)

Where T, = transmissivity of the flame
£ y
= transmissivity of the gas
g y g
T _ = transmissivity of the soot



2.3.2.2 Cooling of a Gas Layer of Constant Thickness 25

The energy balance for a hot gas layer which is radiating heat to

the surroundings is

dT 4 4
- AL C Q— = 2€& T - To) A
p@dt fcv( 0)

Where A

It

area of one face of the flame (cmz)

T, = temperature of the surroundings (OK)

The time required by the layer to cool from T; to Tp can be found by

integration.
T1

¢ = A aT (49)

| 2 ef<3~'(T4 - Tf)’)

T

The time required by the hot combustion products of a stoichio=-
metric mixture of CHy, and oxygen at 1 atm to cool down from an initial
temperature of 3000°K to an arbitrary low value of 500°K (i.e. below the
ignition temperature) was calculated for different thicknesses. The
solution of equation (49) required graphical integration because of the
dependence of Cp,g?, ef on temperature and of Ef on flame thickness L.

A typical graphical integration is shown in Figure 2. These calculations
were repeated for a C3Hg - 09 mixture and for a platinum sheet. Upon
inspection of the results which are presented in Figure 3, the following
observations can be made:

(i) For the same thickness, the change in composition between
one hydrocarbon and another does not affect the rate of temperature
decrease appreciably,

(ii) As expected, longer cooling times are necessary for gas
layers of greater optical thickness. For optically thin layers, one
would expect cooling times to be only dependent on the probability of

spontaneous emission for the different molecular states involved and not
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Fig. 2 Determination of the time, t, required for cooling of a 1 cm

thick layer of CH4-0O9 Flame product gases.
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on the layer thickness. The much longer cooling times required by

platinum are consistent with its much higher volumetric specific heat.

(iii) The cooling time 1is mainly determined by the radiative
properties of the layer at low temperatures. Thus, the total energy
radiated to the surroundings while cooling from 3000°K to 500°K is
roughly equal to the energy radiated at 800°K during the same period of
time,

(iv) The magnitude of the calculated times indicate that the
results are amenable to experimental verification.

2.3.2.3 Cooling of a One Dimensional Transient Diffusion Flame

As stated earlier, the flat laminar diffusion flame can be used
effectively to simulate zero~g combustion. A burner of this type
employs unburned fuel and oxidizer flowing in a vefical upward direction
with the flame at the interfacél%lrhe flow field distortion introduced by
buoyancy does not alter the diffusive mixing of fuel and oxidant appreci-
ably. Combustion products accumulate between the fuel and oxidant sources
thus simulating zero-g combustion. However, unlike the model described
in the previous paragraph, a flat diffusion flame will have an increasing
thickness due to diffusion and accumulation of combustion products and a
flame temperature which decreases with height. Before describing the
experiments with flat diffusion flames, it is necessary to consider a
more realistic model for radiative cooling from such a flame.

A theoretical model resembling a flat (laboratory) diffusion flame
was considered. It should be reiterated that this model also describes
the transient zero-g diffusion flame. The following assumptions were
made:

(i) A semi~infinite amount of oxidant flowing upwards parallel

to and unmixed with a semi-infinite stream of gaseous fuel.
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(ii) After ignition, a flat diffusion flame is obtained, the

thickness of which increases with height according to the relation

L =y2D, t
h £ = e s
where = (s)

height (cm)

z:
v = average velocity within the flame (cm/s)
D, = mass diffusivity in the surroundings (cm?/s)

(iii) A Lewis number equal to one, Since this number is the
ratio of thermal to mass diffusivity, the thickness L will describe
the temperature as well as the combustion products layer thickness.

(iv) As soon as the fuel and oxidant enter the layer, the
heat of combustion is released and used to heat the layer uniformly.

An overall heat balance can be written for a differential element
of the flame at a height z, where the flame thickness is L and the

temperature is T.

t
@Cp L (T-7T) dA =H (L dA) - dAf 2e¢'(T‘*-T§) dt
[0]

t

H
or T= (T, +—) - 2 cq (% - 1% at (50)
CP QCP L

H
Substituting for T, +~Er‘a the adiabatic flame temperature Tg¢ and
P
rewriting equation (50) in a form suitable for numerical solution, one

arrives at

2 = A 4
T =T, - , E € 0T - T)AEL (51)

n Fén -C-pn -I:n i=o0

where "f, E, 5, EP’ T are average values for the gases in element A gz

corresponding to time interval At.
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Since Eh =\ 2D, t,

1.8
and D ~ Ty

-1
Qﬂlru Tn

C, ~ roughly a constant

B
The product E§n§;4 QDn is proportional to T;O'l. This term was thus
considered a constant in the numerical iterative procedure used to solve
equation (51).

Starting with the adiabatic flame temperature Te; a temperature T1
is calculated after time ty has elapsed by trial and error. This is done

by estimating a Tl between T1 and T¢ and an average gas layer thickness

L= 2D1t1 for ealculating Ei. Consecutive temperatures T, are

obtained in a similar manner. The procedure is simplified by plotting
T, vs t, continuously in order to arrive at better first estimates of

Tn+1 by successive extrapolation. The resulting curves were found to

be relatively independent of the iteration step sizes (tn+1/tn) which
were varied between 10 and 13/4. Plots showing the decrease in
temperature with time (corresponding to height) for CHy,=0g and CHy-Air
flat flames are presented in Figures 4 and 5, Figure 6 shows the
variation of the flame thickness with time (height) while Rigure 7
represents the variation of the rate of thermal radiation with time.

A comparison of Figures‘4 and 5 indicates that there is little
difference between the times (0.65 s in 0y v#..0.25 s in air ) taken to
reach 1000°K when one might expect visible flame extinguishment. The
curves were continued to gbout 500°K at which most normal solid fuels
are difficult to ignite. Figure 6 shows that the;final flame product
layer thickness at that temperature is of the order of 10 cm. Figure 7

shows the expected course of radiative losses from the flame which
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begins at low rates because of the small initial radiating thickness,

increases to a maximum and then decreases as the influence of decreasing

temperature predominates over the increasing gas layer thickness.
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2.3.3 Experimental Study of Radiant Extinction of Flat Diffusion Flames

2,3.3.1 Introduction

The flat diffusion flame which can be sustained between parallel
upward flows of fuel and oxidant presents an effective means for
simulating the essential phenomena occurring during zero-g cowbustion.
Although the presence of gravity distorts the initial uniform flow field
because of the hot central flame, these buoyancy effects are measurable
and do not alter the basic fuel-oxidant diffusive mixing process.

2.3.3.2 Description of Apparatus

A flat diffusion flame burner was constructed from sheet metal with
a Pyrex glass front to permit observation. A diagram of the burner with
an approximate scale and a photograph of the apparatus are shown in
Figures 8 and 9. Porous metal plates were used to eliminate turbulence
of the ensuing fuel and oxidant streams. Nitrogen was employed as a
shield gas. The dimensions of the apparatus were chosen so that the
nitrogen characteristic diffusion length was about 7 cm. Since the
diffusion length X« /2Dt and Dgy,-N, at 18009K is about 2.25 en?/s, the
allowable observation time was of the order of 10 seconds. This period
was much longer than the expected flame extinguishment time.
Cére had to be taken in order to insure the stabilization of the
flame. The following procedufes were found to improve stabilization:
1. An approximately stoichiometric flow of fuel and oxidizer were
used to obtain a vertical flame.
2. Nearly identical flow velocities were used on both sides.
3. Better stabilization was obtained when both the fuel and
6Xidizer gases had about the same radiation absorbing
characteristics. This was achieved by injecting a small

amount of COz into the oxidizer stream.
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4. Flow velocities greater than 2.5 cm/s had to be used in order
to avoid excessive deformation of the flow field due to
entrainment of cold gases into the central flame zone. At
lower velocities, an undesirable circulation flow pattern was
established.

5, The upper limit on velocity was set by the available gas
supply, the finite height of the chamber and the desire to have
a laminar flame.

6. A horizontal metal screen placed near the exhaust (see Fig. 8)
was found to reduce undesirable recirculation patterns. The
presence of two screens parallel to the flame was found to
improve the stability of the flame considerably. The contribu-
tion of these screens in stabilizing the laminar flame outweighs
their detrimental effect on the thermal radiation and ﬁass
diffusion rates.

2.3.3.3 Experimental Results

A flame similar to that shown in Fig. 10 was used to estimate the
radiative extinguishment time. The fuel stream consisted of 87 em3/s
CHs4, 38 cm3/s C3Hg and 320 cm3/s Np. The oxidant stream composition was
440 cm3/s air and 25 em3/s COp. The shield gas consisted of 200 cm3/s No
on each side. With an inlet area of 98 cm? on each side, the average
linear velocity of fuel and oxidant streams was = 4.6 cm/s.

Since bg§pyancy causes entrainment in both the perpendicular as well
as the flame plane itself, the flame tends to become higher in the
center. Thus, an average flame height had to be estimated. Assuming
that the cold gas linear velocity, v,, was increased by a factor

Tflame/Troom™© due to expansion in the flame, and using the measured
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average flame height of 12 cm, an extinguishment time of about 0,5 second
was obtained. Probably, a more rigorous method for estimating flame
velocity (such as the particle track method) should have been used, byt
the final result could not have been altered very much,

2.3.3.4 Discussion of Results

Considering the relative crudeness of the measurements, it is felt
that a comparison with Kimzey's &) values of 0,84 second for extinguish-
ment of paraffin in air at 1 atm and 1.16 second in 0y at 1/3 atm is
quite satisfactory. Kimzey's photographs indicate that he was unable to
eliminate convection completely., CGonvection currents tend to increase
extinguishment time by introducing fresh oxygen. In addition, the
presence of the hot ignitor wire (which cools much slower than the flame)
in contact with the relatively ¢old paraffin may have increased the
flame extinguishment time.

Kimzey's paraffin flames exhibited maximum brightness after about
+44 second from ignition, Such a mazimum is predicted by the theoretical
model described in paragraph 2.3.2.3 and Fig. 7.

A factor that cannot be overlopked is the influence of the geometric
shape of the flame on its radiative properties. Kimzey's flames were for
spherical fuels. Energy loss\by radiation can ogcur in all directions and
thus may accelerate extinction.

2.3.3.5 Recommendations

These preliminary results show that information about the behavior
of diffusion flames under conditions of zero-g can be obtained in the
laboratory. If more quantitative results are desired, accurate measure-
ments should be made of the flame velocity, temperature, thickness, gas

composition and thermal radiation.
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It is recommended that the Apollo Applications Program consider the
possibility of including a number of tests with flat combustible surfaces
to check the adequacy of the theoretical models proposed in this study.

2.3.4 Other Methods for Simulating Zero-G

The absence of convection currents and the generation and accumula-
tion of partially combusted products near the burning surface are the
two fundamental features of a zero-g fire. The feasibility of reproduc~-
ing these features by two other methods was investigated but not carried
beyond a preliminary experimental stage. Most of the study was devoted
to the flat diffusion flame burner which promised more quantitative data
within the available time. The other methods were:

a. The application of an electrostatic field to the flame:

A flame consists of neutral molecules, atoms and free radicals,
positive and negative ions and electrons. The ion concentration of a
pre-mixed flame is of the order of 10'51 with the number of positive ions
roughly equal to the number of electrons, the negative ions constituting
only a negligible fraction of the negative charge carriers. The "ionic
wind" generated when a flame is placed in an electrostatic field has
been a scientific curiosity for the past three centuries. Only recently
did the possibility of applyipg these effects to engineering advantage
occur to research scientists. It is generally believed that the "ionic
wind" is generated because of collisions between the relatively heavy
positive ions and the neutral species when the flame is placed in an
electrostatic field. These forces can distort the shape of the flame
(12)

considerably.. If the electric field were applied in such a manner that
the "ionic wind" cancels the upward motion of the flame due to convection,
then the absence of gravity will be approximately simulated. Two

objections have been raised concerning this approach. One is that the
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electrostatic field will not cancel the convection currents in the
unionized air or cold combustion gases surrounding the flame. The other
is that thelggectrostatic field may alter the kinetics of the reactions
in the flaéeéo Nakamura's experiments, however, showed that neither the
number of ions nor the extent of excitation of radicals in the flame was
affected by the applied field except for a physical displacemené}h).

b. The second method for simulating combustion during weightless-
ness is to allow burning to take place along the bottom surface of the
material. The hot and thus lighter combustion products will accumulate
near the surface and any oxygen needed to support the combustion process
will have to diffuse through this layer. This again reproduces the
essential features of zero-g combustion and the theoretical model
described in Section 2.2,

These two methods deserve further consideration in any future studies

on the simulation of combustion during zero-gravity.
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3. TEMPERATURE AND PRESSURE RISE DUE TO A FIRE

IN AN ENCLOSURE

3.1 Introduction

An uncontrolled fast combustion process taking place in an unvented
enclosure may result in temperatures and pressures which cannot be
tolerated by the walls or contents. Regardless of whether this
enclosure is a hermetically sealed electronic box, a laboratory
combustion test glass jar, a space vehicle or a hyperbaric chamber,

an accidental fast developing fire may result in disastrous consequences.

It is the objective of this section to consider all possible models for

the burning process within an enclosure containing an excess of oxidant

and to develop the equations describing the variation of temperature

and pressure with time, The results predicted by these equations will then

be examined in the light of the few available experimental data.

3.2 Conditions Leading to a Fire in an Enclosure

The presence of an adequate supply of fuel, oxidant (usually oxygen)
and thermal energy is a prerequisite for the initiation of a fire.

The ease of ignition of a fuel depends upon several factors among which
are its ignition temperature, chemical composition, geometric shape and

spatial distribution.

The rate of burning of solid combustible materials has been shown to
increase sharply with an increase in oxygen concentration(IS)

16) . .
the total pressure '~ °. Certain materials that do not ignite in air burn

, and with

a7)
readily as the oxygen concentration is increased «-In addition to changes
in the flame spread rate, the ignition temperature is lowered signifi-

cantly when the total pressure or the concentration of 02 is increased (18),
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while equilibrium flame temperatures in pure oxygen atmospheres are always
higher than those in air, because of the absence of diluent. TFurthermore,
storage in pure oxygen for prolonged periods of time has an unpredictable

but significant effect on the rate of burning of certain materials(ls).

Thermal energy necessary to initiate a fire could come from an outside
source, such as by overheating due to a surge in an electric wire,
contact with a high temperature object, radiant energy from another
fire, etc., or may be generated within the fuel by a slow reaction with
the oxidant so that the rate of heat generation exceeds the rate of

heat loss to the surroundings (auto-ignition).

Since the use of pure oxygen offers the greatest hazard in space appli-
cations, the analysis and equations below have been developed for a pure
oxygen atmosphere. However, the equations can be very easily modified

to account for the presence of other diluents.

3.3 Temperature and Pressure Dependence on Mass Burnt in an Adiabatic

Enclosure:

Combustion in an adiabatic enclosure produces the maximum possible temp=-
eratures and pressure. The derivation below assumes complete mixing and

ideal gas behavior. In the reaction

Cc Hh Ox + (c + 2 - £) 0g—cCOp + 5§ 1p0

M grams of a typical organic fuel, CcHhox’ react with (c +-% - % ) moles

of 0y to produce (c + % ) moles of product gases. At any time after

ignition, the total number of moles present, Ntotal’ will be
- m h _x m h
Ntotal =Ng, =y (e +53 -5 ) +y (c+3)
= mh o X
Yo, *u G *+3)
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=
=3
o
[}
o
=
]

molecular weight of C_Hy0,

=
i}

mass of C_ H, 0, burnt by that time (g).

o
N
[

number of moles of oxygen initially present (g-mole).
An energy balance after time t from ignition can be written for this
enclosure with no heat losses to the wall or to the contents of the

enclosure. This would be approximately the case during a very fast

combustion process.

dm = m h . x dT ., 7 ¢h L x 1 dm
dmy =¢ Ny +2 242 2dT T 242X (por ) Ldm
dt © Pg[ 0, w G 2)}dt p Gt T 3%
-4 45, [y +@enn)an (52)
dt{P 0, "% 2y 10T
where H, = heat of combustion of C HyO,at T, (cal/g)
Ep = average specific heat of all gases in the enclosure
(cal/g-mole °C)
T = temperature of the gas at time t (°K)
T, = initial temperature ( °K)

Integrating equation (52) gives

= : h X m g
mH. = + - 4+ = - T=-T

or T = m Ho +T,

e N mh  x

(53)

Equation (53) can also be derived by taking an overall energy balance

on the adiabatic enclosure.

The corresponding equation relating pressure ,P, to the total mass

burnt ,m, can be derived from equation (53) and the gas laws. Assuming

perfect behavior

P,V = §g RT, (54)

= h L xym|
PV 1N02+(4+2)M}]RT (55)
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where P, initial pressure of the enclosure (atm)

R gas constant (atm cm?/g-mole %x)

\

[

volume of enclosure (cm3)

Combining equations (53, 54,and 55), one obtains

P, {1+MN (4+2)-§ N (56)
02 P 02 o

For example, when 20 g of cellulose (CgH1005) is burnt adiabatically

in a 125 liter chamber initially at 1 atm and 300°K and containing pure
oxygen, a theoretical final temperature of 2163°K and a pressure of 9.33
atmospheres can be calculated. 1In practice, these temperatures and
pressures are never achieved because of heat losses to the contents,

walls and to the outside.

In order to find the variation of temperature and pressure with time, a

model for burning which gives the dependence of burning rate , m , on

m=f[ﬁdt' (57)

simple substitution into equations ( 53 and 56 ) of the appropriate

time is needed. Since

relationship between m and time will yield the desired equations.

3.4 Variation of Burning Rate with Time

The burning rate of a solid depends on its geometric shape and spatial
distribution. Simple models for burning are postulated below with their
corresponding dependence of burning rate on time. The models are also
illustrated in figure 11,
a. Constant burning rate:
m = kg (58)
Two examples where a constant rate of burning is obtained are:

(i) A thin combustible rectangular sheet ignited along one
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edge. The sheet is totally consumed behind the flame and
the length of the flame front is always constant,

(ii) A fuel having a constant cross section burning downwards
a steady state.

Linear dependence of burning rate on time:

m =kt (59)

A linear dependence of burning rate on time is obtained in the

following examples:

(i) A thin combustible sheet igpnited at the center with the
flame front expanding in all directions. The area between
the flame and the ignition point is totally consumed.

(ii) The same as a(i) above but where the thickness of the
material is large enough so that the area behind the
flame continues to burn.

Burning rate dependent on the square of time:

m = k3t2 (60)

This corresponds to combustion along the surface of a thick

fuel where the flame front is expanding at a constant linear rate

in all directions as in b(i) ’above but where the area between

the flame front and the ignition point continues to burn,

Equation (60) is true for turbulent flames only. (For

laminar flames equation (59) is applicable).

Exponential dependence on time:

m = kl}ekSt (61)

The worst possible case for burning occurs when the fuel and

oxygen are uniformly distributed and when the oxygen can gain

access to all elements of the fuel at a constant predetermined

(19).

rate
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In this case

dm _
ac -
kst
or m = mye (62)

which reduces to equation (61) above upon differentiation.

Another way of arriving at the same expression is to consider a system
consisting of several fuel elements each being similar to that des-
cribed under ¢ above. A fraction of the total heat generated , X ,

goes into evaporating more fuel i.e,

L dA -
RQ =37 CPT (Tyap =~ Tp) (63)
where é = rate of heat generation (cal/s)

A = area burnt (cmz)

1

Cp@'t'(Tvap - Ty) energy required per unit surface area to

raise fuel temperature to vaporization
(cal/cmz)
But since Q ~ m(t)

and m(t) ~ A(t) for the model described under paragraph c above

then A(t) = kg Q?iEl
t

which again leads to equation (61).

A third way of arriving at the same result is to say that the rate of
evaporation and eventual burning of a fuel in an adiabatic enclosure is
proportional to the total heat content of the enclosure which, in turm,

is dependent on the total amount of fuel burnt up to that time, i.e.

dm
_— o~ ~ m
dt Q
where Q = heat content of enclosure (cal)

Regardless of the method of derivation, this model assumes that an

initial small fire consumes a mass my by one of the other mechanisms
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described in a, b or c above before it grows exponentially (i.e.
at t=0, m=m;). This behavior has been observed experimentally by
Denison et al (ZO%H experiments with denim overalls burnt in oxygen
atmospheres. Within 0.6 second after ignition, a flame had swept over
the whole surfaca in the manner described by model b(i) above, after
which edges of sleeves and trouser legs began to burn. After 7.5
seconds, 30% of the overalls was burning and at 11,3 seconds, the whole

surface was engulfed by intense flames.

It should be pointed out that the burning rate of a mixture of com-
bustibles having different configurations would be extremely difficult
to predict from the bufning rates of the individual components.

The fast burning, high heat generating combustible will be a controlling
factor contributing towards a general increase in the burning rates of
adjacent combustibles. On the other hand, the presence of a flame
retarding agent in one combustible may inhibit the rate of burning of

another highly combustible element.

3.5 Comparison of Experimental Data with Theoretical Predictions

With all the experimental studies that have been performed on the
flammability of materials in oxygen enriched atmospheres, very little
data are available in the literature on the variation of enclosure
temperature and pressure duriné combustion. A number of studies have
been performed by Botteri(29), but the pertinent data has not been
extracted from recorder charts yet. Only one of his plots of pressure
vs. time is available(ZI) for the combustion of a stoichiometric amount
of cotton in an oxygen filled chamber, 45.25 liters in volume at half an

atmosphere. This plot is reproduced in figure 12.

Another source of data was the record of the Apollo 204 space cabin fire

(22)
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A plot of cabin pressure versus time is reproduced in figurel3. .

The relation between pressure and mass burnt as predicted by equation
(56 ) was plotted for each case. (See figures 14 and 15 ). The actual
time taken to reach a given pressure was read from the experimental
plots (figs. 12 and 13 ) while the mass burnt to reach that pressure
was read from figs.l4 & 15. The dependence of mass burnt on time was
found by plotting m vs. t on log-log and semi<log paper (figures 16 and
17)." . 1t was found that the exponential model gave an excellent fit.

The equations describing this dependence were

0.35¢
m = 0.3.¢é
0.35¢ Botteri (64)
m = 0.105 e
0.39t
m= 3.1¢ (65)
Apollo accident
0.39t
m=1.21 e

It was interesting to note that the slopes of these two lines are
roughly the same. The slope is related to the fraction of chemical
energy generated within the chamber which goes into heating the fuel
to its vaporization temperature as shown by the equation (63). This
fraction is apparently the same in both cases. On the other hand,

the value of m, depends on the scale of the experiment and the size of

the ignition source.

It should also be noted that, under the assumptions made in this
derivation (adiabatic, non-condensing products, etc.), only a smgll
mass is theoretically needed to burn exponentially in order to achieve
the pressures actually reached in both systems, About 110 and 2.2
grams need to have burnt in the Apollo cabin and in Botteri's chamber

respectively before the pressure reached a maximum value.
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Apparently, during the initial stages of the combustion process in an
oxygen enriched atmosphere, the reaction is so fast that the system does
follow the assumptions made in the derivations. However, at a certain
point, heat losses to the wall and contents, water vapor condensation on
the cold walls and the dilution of oxygen with combustion products
become significantly large, so that even though the combustible contents

continue to burn, the pressure begins to drop.

The escape of gases from the Apollo vehicle due to wall failure was
another major factor in reducing the pressure. OQObviously, heat losses
to the walls and contents and dilution of oxygen were more important

factors in Botteri's small chamber than in the much larger Apollo vehicle.
3.6 Recommendations

Further work in this area is needed to verify theoretical predictions.
The following factors should be investigated;

(i) Effect of configuration (see figure 11) on the temperature
and pressure variation with time.

(ii) Effect of the size and shape of the enclosure on the value
of my, in equation (62).

(iii) Effect of oxygen concentration and total preSsure on m,.
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4. FIRE HAZARD OF WIRE BUNDLES

4.1 Introduction

Wire bundles are widely used in spacecraft. Since ignition temperatures
of materials are generally lower in oxygen atmospheres and because of
the absence of convection currents in zero gravity flights, it is quite
“ possible for the temperature within the bundle to rise to a dangerous
level due to heat accumulation. The purpose of this section is to
review previous work on this subject, to extend previous work to the
case of a sheathed bundle and to recommend areas where further study

is needed.

4.2 Previous Work

The general solution of the temperature profile in a wire bundle is not
easily attainabie because of the complexity of the wire distribuﬁion,
In addition, there is usually a lack of information concerning current
distribution in the bundle. In general, all previous work has been
limited to homogeneous bundles consisting of similar wires carrying

similar leads.

Jakob(ZB) assumed that the same amount of heat is developed in each
representative volume and that the resistivity is the same throughout the
bundle. The heat developed in such a body is conducted to the surface

of the bundle as in a homogeneous medium the thermal conductivity of
which is equivalent to that of a mixture of the materials in the bundle,
But because the heat generated by the electric current is proportional

to the resistance, which in turn is dependent on temperature, more heat
per unit volume is produced at the warmest place inside the bundle than
just below the surface where it is relatively cooler. For a non-sheathed

bundle, he found that the temperature profile can be expressed by an.
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equation involving Bessel functions.

m .J'O (rﬁ) o1

Trlg = Ty (s {F) (66)
where Ts = temperature at the surface °r)
s = radius of bundle (cm)
r = radial distance of a point in the cylinder (cm)
m,n = constants defined by the equation: %ﬂl =m + nT
q"' = rate of heat energy developed per unit volume (cal/cm33)
k = overall thermal conductivity of the bundle (cal/cm °K)

(24)solved the temperature

Using the same assumptions of Jakob, Higgins
distribution in a8 rectangular electric wire bundle. Higgins' solution

for the temperature distribution is given by the equation:

T=Tg - (CL/CZ)(I - cos Cx sec Ca) - (ZCL/a) ;;% -0 cos M; x
cosh ij/ (KiZMi cosh K; b) (67)
where C2 =4, Ao /k
¢ =4y (08 Tg)/k
2a,2b = dimensions of rectangular bundle (cm)
X, ¥ = coordinates of point under consideration with reference
to origin at center of bundle (cm)
My o= m(2i-1)/2a ) i=1,2,3,..
Nj = TW(2ji-1)/2b s j=1,2,3,..
K = Ny - C?

Schach and Kidwell(zs)solved the problem for the cylindrical horizontal
homogeneous bundle by a numerical procedure and performed experiments to
determine the heat transfer coefficient for convection and radiation from

the surface, as well as to check their numerical solution.
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4,3 Sheathed Wire Bundles

Most wire bundles employed in space vehicles are sheathed for protection
against mechanical erosion. The analysis below considers the effect of

such a sheath on the temperature distribution within the bundle.

The bundle is again assumed to consist of a large number of similar
cables having a uniform load. Consider a long cylindrical wire bundle of
mean thermal conductivity kl and radius a which is surrounded by a
sheath having a thermal conductivity k2 and outside radius b. Let B be
the difference between the temperature of any point and that of the

environment, Tg

i.e, 9 =T~ T,
Two differential equations in cylindrical coordinates with and without

heat generation govern the temperature distribution within the bundle.

and in the sheath, respectively.

2 RAl

a0 4 1 b 4 g = 0 at 04rla (68)
d r2 r dr ky '

2 (69
d e§ S+ 1 Eg% = 0 at a'<;<1b )
d r2 r dr- :

Hereaéh is the temperature difference between any point in the bundle
and the environment while 92 is the corresponding difference for the
sheath. 1If the resistance varies linearly with temperature, the volu-
metric rate of heat generation becomes a linear function of temperature,

i.e.
111

g = q (1 +aB) (70)

where do = the heat generated per unit volume pgr unit time
at reference temperature T (cal/cm’s)

¢ = constant

Substituting equation (70) into (68) gives

26 6
da<vq + 1 da vy +‘-100(91 - do at 0<r<a

—
———

(71)
ar? r dr k1 ky
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Equations (7D and (69 can be easily solved to give

91 Ay J, (@r) + B Y, (Qr) - 7i~ for 0<:p<:a (72)
92 A2 + By Inr for a<r (b (73)

where = ¢,
B B2
A

A B B = constants

1 71 727 2
The two constants in each equation have to be determined by the application

of appropriate boundary conditions. These are:

at r = 0 e == ()
dr
r = a 9 =92

dsﬁ d GE
~ar < k2 I

The worst case encountered in space applications is during zero gravity

r a k 1

flight when heat losses from the surface of the bundle are due to con-

duction and radiation only.

Define A by the equation he + by
ko
where hC = a heat transfer coefficient for conduction (cal/cmzs OK)
h, = a heat fransfer coefficient for radiation (cal/em?s °K)

"
o

Then at r

f
f—-z-+)\92 = 0

dr
These four boundary conditions are sufficient to determine the four con-
stants in equations(72) and(73). . The final temperature profiles in the

bundle and in the sheath are:

6. Ll __Jo (B et (74)
LK, - 2 b + 10 -2 (Ee)
fo) (Qa) a 1:;- b;\ n a. 1 @

1 1 b
— { e ]
92=0(i-b7\ i r}
ky Jo @a)  _ __1_.+1n.12._§

kl a@.]']_ (Qa)

(75)



63

4.4 Recommendations

In practice, wire bundles consist of cables of different materials and
radii and carry non-uniform loads. Thus the analytical methods described
above are not applicable to this complex problem. A numerical technique
such as the relaxation method will have to be employed in this case.

It is recommended that the following systems which are listed in

increasing order of difficulty be studied theoretically and experi-

mentally:

(1) A bundle consisting of uniform wires but with one
non-centrally located wire carrying a larger current
than the remainder.

(ii). A bundle of uniform wires carrying variable currents.

(iidi) A bundle of different wires each carrying the same current.

(iv) A bundle of different wires carrying different currents.
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