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APPENDIX F
HEAT TRANSFER MODEL DERIVATION
METHANE EXPLOSION

Under the conditions of a postulated methane explosion within the panel, the temperature of
the gas is raised by the combustion process to an initial value Tg init With time t = 0
corresponding to initial conditions in the panel. Subsequently, the gas temperature in the
panel decreases as heat 1s transferred to the surrounding salt and to the two explosion-
isolation walls in the air-intake and air-exhaust drifts of each panel.

At time t = O the pressure in the panel is P, ;,

elevation in pressure resulting from the explosion. Thus, the rise time of the temperature is

based on panel closure due to creep and the

not considered in the model.

At time t = O, the volume of the panel is V. . and is assurmmed to remain constant throughout

init
the cooling of the gas in the panel because of the short duration of the explosion. This means
that the effect of creep on the panel volume is assumed negligible during the postulated

explosion. The initial volume is given by:

Vinit = Vpanel = Viaste ~ Vcreep
where
Vinit = Initial volume
zpme] = Volume of the panel
waste = volume of the waste
\'% = Volume reduction due to creep

creep

and is taken as given at the start of the heat transfer analysis and assumed to remain constant
during the transfer of heat to the panel walls, roof, and floor.

F.1.0 Heat Balance

Assuming a constant volume is equivalent to stating that any creep closure of the panel

volume during the explosion and subsequent cooling can be neglected.
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where Q,oiume of gas TEpresents the heat contained in the hot gases subsequent to an
explosion, g is the heat flux rate at the boundaries of the panel volume, and Ay,iic floor. roof
is the surface area of the panel volume.

Following D’ Appolonia (1978) it is conservatively assumed that the heat transfer to the
surrounding walls, floor, roof, is related to the rate of change of enthalpy of the reaction
products gas. Thus, the heat content of the room is given by:

s
o

dQvolume of gas _ n d‘Tg | \
dr P ds AT

where n is the number of moles of gas in the room subsequent to the explosion, Tg is the gas
temperature, and Cp is the heat content of the gas at constant press.ure.1 Thus,

ar

nC, & =gA (1)
ra ¢

walls, floor, roof

F.2.0 Moles of Gas

The gas in the panel subsequent to the explosion is a mixture of the combustion products of

the explosive gas which is taken to be a mixture of methane, CH, and air. Because methane
can explode with other than a stoichiometric atr/methane mixture (i.e., the methane
concentration in air for an explosion to occur is a range as opposed to a single value), it is
impossible to determine the number of moles of combustion product gas precisely. Thus, it is
assumed that the explosion occurs with a steichiometric air/methane mixture.

The specific heat at constant volume is used even though the explosion or rapid combustion of the methane-air
mixture occurs at constant volume because the rate of change of enthalpy as opposed to internal energy has been
used.
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F.2.1 Mixture
The stoichiometric reaction for methane is (Bodartha, 1980):

CH, + 20, = CO, + 2H,0

with the moles of air given by:

n, = 477(2) = 9.54 mole air/mole methane

[}

or 9.54 moles of air are required to provide 2 moles of oxygen. Using a ratio of 9.54 moles
of air per mole of methane, the total moles of gas at the time of the explosion would be:

n =954 + Dng,

The number of moles of nitrogen in the air and in the combustion products gas is 3.77(2) =
7.54 moles/mole of methane (Bodartha, 1980). Thus,

7.54 moles N, + 2 moles O, + 1 mole CH, =
7.54 moles N, + 1 mole CO, + 2 moles H,O

On a molar basis the reaction products are 71.5% nitrogen, 9.5% carbon dioxide, and 19%
water vapor. This compares with a reaction product that is 72.9% nitrogen, 11.6% carbon
dioxide and 15.5% water vapor when propane is burned at a stoichiometric ratio

(D’ Appolonia, 1978). Also, 10.54 moles of the methane-air mixture produces 10.54 moles of
reaction products. Thus, the number of moles of air/methane prior to the explosion is the
same as the number of moles of the product gas and the above relation for n will be used to
compute the heat content in a panel prior to cooling.

n. = 1054 n_,, 2)

8

Substituting (2) into (1),

dr
10.54 n,,, CP 2

7 = quails, floor, roof
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dT_qA

I'4 walls, floor, roof

ar 1054 ng, C,

(3)

is the digfcrcr;tia] equation for the time rate of change of the gas temperature in the panel
following an explosion.

F.2.2 Specific Heat

The specific heat, Cp, of the combustion products of the explosion is required by equation
(3). In general, the specific heat is a function of temperature over large temperature ranges.
Figure C-1 shows plots of specific heats of the combustion products of stoichiometric
propane-air mixtures and methane-air mixtures based on data from D'Appolonia (1978) and
Reid, et al., (1977). The curves for propane-air mixtures are shown for comparison between
the Reid, et al. data and the D'Appolonia data.

For an explosion temperature on the order of 2400 degrees kelvin ("K), and using an average
of the wall temperature and gas temperature to evaluate the specific heat, the temperature
dependence curve will be evaluated in the region of 1400 °K which is about the maximum
useful temperature for the Reid, et al. data.

As shown on Figure F-1, the Reid et al. (1977) and D'Appolonia (1978) data agree well up to
a temperature of approximately 1400 K. At the greater temperatures Reid et al. (1977), and
other data indicate a decrease in specific heat with greater temperatures which is not

consistent with expectation.

Figure F-2 shows a comparison of Reid et al. (1977) and the D'Appolonia (1978) data
multiplied by 0.961, the ratio of specific heats for a methane-air mixture to a propane-air
mixture at 300 °K. Below 1400 °K the agreement is very good. Above 1400 °K the curve
based on the D'Appolonia data remains valid. Therefore, the specific heat of the combustion
products formed from a stoichiometric methane air mixture as a function of temperature is®

32682

TZ

(4)

C,=129x 102 T + 73353 -

*Equation (4) was obtained by multiplying Equation (9) of Appendix B of D'Appolonia [1978] by 0.961.
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F.3.0 Heat Transfer to the Walls, Floor, Etc.

Heat is transferred from the gas to the surrounding walls, floor and roof of the panel rooms
by both convection and radiation. Heat is then transferred into the walls, floor, roof, via
conduction. Thus, the rate of heat conduction into the salt or the wall is governed by the rate

at which heat can be conducted into the solids.

F.3.1 Radiation Heat Transfer
Heat transferred from the gas to the walls, floor, roof, is given by:

g, = of;-T;)

where q,, is the heat flux to the walls, floor, roof, © is the Stefan-Boltzmann constant
(1.35 x 107'? cal/cm?®-sec-°K), and T, is the temperature of the walls, floor, and roof.

The majority of the surface area of the panel available for heat transfer via both radiation and
convection is salt. However, a small portion of the total area will be the inner face of the
explosion-isolation wall (or construction-isolation well). Because the wall, floor, roof
temperature is controlled by the time dependent conduction of heat into either the walls, floor,
roof or the wall faces, and the diffusivities and conductivities of the salt and wall, floor, roof
material may be different, the radiation heat transfer is divided into two components.

The radiative heat transfer to the salt (T,,) is:

qrs = G(T; —T:’)

and the radiative heat transfer to the explosion-isolation wall (T,,) is:

g, = olT*-T%)

The combined radiative heat transfer to the walls, floors, roof is:
Qr = qrsAs + qrbAb

or
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0 - O(As [ri-12] + A1} :,,1) )
where A, = Area of the walls, and A, = area of the salt.

Equation (5) comprises the radiation portion of the right hand side of the differential equation,
(3), for the rate of gas temperature in the panel.

F.3.2 Convection Heat Transfer

In addition to radiation, heat is transferred to the walls, floor, roof, and explosion-isolation
walls by natural convection. In subsequent discussion, walls denote all exposed surface area
of salt within a panel. Explosion-isolation walls denote the surface area of the expendable
walls placed in the sealed air-intake and air-exhaust drifts of the panel.

F.3.2.1 Heat Transfer from Gas to the Walls
In addition to radiation, heat is transferred to the walls, floor, roof, and explosion-isolation
walls via natural convection. The heat flux due to convection (q.) is given by:

qc = h(Tb-Tw)

where h = Film coefficient.

As for the case of radiation, the majority of heat transfer by convection will occur to the
surrounding salt. However, a portion will be transferred to the explosion-isolation wall.
Because the temperature of the explosion-isolation wall may be different from the temperature
of the salt, the convective heat transfer is divided into the two components analogous to the
radiation heat transfer. For the salt, the convection heat transfer is:

qc: = h(Tg-Tws)
and for the explosion-isolation walls:

9 = h'(Ts _TWb)

The combined radiative heat transfer (Q,) to the walls, floors, roof, and explosion-isolation

walls is:
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4ep © h(Tg——wa)

The combined radiative heat transfer (Q,) to the walls, floors, roof, and explosion-isolation
walls is:
assuming that the heat transfer coefficient does not change with location or material.

Qc = 4 NaCl As + qchb

Theoretically the convective heat transfer coefficient is different for the face of the explosion-
isolation walls, which are vertical compared with the heat transfer coefficient for the roof and
floor faces of the panel which are horizontal. Neglecting the difference in heat transfer
coefficient due to geometric differences, the above two equations for the heat flow to the
walls, floor, roof, and explosion-isolation walls can be combined to give

Q. = h(AS[Tg-Tws] . Ab[Tg—wa]) 6)

Equation (6) gives the convective heat transfer portion of the right hand side of Equation (3).
Combining (3), (5) and (6),

dTg _ Qc+Qr o

where the negative sign indicates that Q_ and Q, represent heat transferred out of the system
consisting of the gas in the room. These same quantities then represent heat transferred into

the surrounding salt and explosion-isolation wall.

F.3.2.2 Convection Coefficient
Assuming the convection coefficient is the same at all surfaces and following the methods
developed in D'Appolonia (1978), with all units in the centimeter-gram-second (cm-g-sec)

system of units,
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N, = 0.13P G )"

where P, is the Prandtl number and G, is the Grashof number. The Prandtl number is
essentially constant and is taken as 0.71 regardless of pressure and temperature. The Grashof
number is given by

] BL S(Tz‘Tw)

r
vZ

G

where g is the acceleration of gravity, B is the volume coefficient of thermal expansion and v
1s the kinematic viscosity of the gas. For ideal gases,

1
b=
&
and the kinematic viscosity is given by
v=21
p

where 1 is the absolute viscosity p = mass density. Substituting for n and P in the expression
for the Grashof number,

_ epLT,-T,)
r T pz

m

G

where

is the average of the gas and surface temperature.

Substituting for the Grashof number and Prandtl number in the expression for the Nusselt

nomber,
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2 41g-T.1 )"
N, = 01307 B TE T
T p*

r 3

gp?| T, T.,
p* | T+,

N, = 0.146

and substituting for the Nusselt number in the expression for the convection coefficient,

i3
T -T
h = 0146k |20} 2~
p* | T+,

Since the thermal conductivity of the gas is given by’ Paili
f:; ﬁ@:h y ‘(
75 o, ;
T , ..’J - ﬂ:“
k=64x 1072 Lt
& 300 -
75 v
h =934 x 109| L0 | 7,7, ®
600 T,

Figure F-3 shows h as a function of surface temperature based on a gas temperature of
2400°K and density and viscosity consistent with conditions at the time of an explosion.

Assuming that no additional gas is generated subsequent to the explosion, the density of the
gas after the explosion is the same as before the explosion since mass is conserved. Thus, the
gas density after the explosion is the molecular weight of n moles of methane plus 9.54n
moles of air divided by the initial volume,

*D'Appolonia [1978).
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Mw CH4 + 954Mw ai
n

r

init

n 16 + 9.54(29)

]

inir

- 292.66n ©)

init

kY N . v
B -
W \ i
.67 D By e

p=185x 10450% (10)

and the viscosity is given by (D’Appolonia, 1978), where the viscosity is evaluated at the
average of the surface and gas temperatures.

Because there will be two different surface temperatures, one corresponding to the salt, and
one for the explosion-isolation wall, there will be different convective heat transfer
coefficients as well.

F.3.3 Conduction Into the Walls, Floor, Roof, and Explosion-Isolation Walls

‘The temperature which controls the heat transfer from the gas via radiation and convection is
controlled by the rate at which heat is conducted into the walls, roof, floor, and explosion-
isolation walls. The diffusion of heat into the walls, floor, roof, and explosion-isolation walls
is assumed to be governed by a one-dimensional, semi-infinite thermal diffusion model. If
the temperature penetrates the explosion-isolation walls, the model is changed to be thermal
diffusion across a slab of finite thickness with an ambient gas temperature on the side in the
isolation zone.

Thermal diffusion into the walls, floor, roof, and explosion-isolation walls is governed by the
partial differential equation,
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0T _ oT
all = &2
ox® ot

where o is the thermal diffusivity, T is the temperature, x is the distance into the wall, floors,
roof, or explosion-isolation walls, and t is time. At x = 0 the flow of heat into the walls,
floor, roof, or explosion-isolation walls is governed by the boundary condition,

_k_ - .
%

where q, is the heat flux into the walls, etc. from the gas via convection and radiation and k
is the thermal conductivity. Because the thermal diffusivity and conductivity for salt is
different from that of the explosion-isolation wall, two conduction models are required.

F.3.3.1 Heat Conduction to the Salt
The first involves the heat transferred from the gas to the salt and is governed by the partial
differential equation, :

-

a_aZ=f_’. N ¢ 0 1)
%z o S

where ¢ is the thermal diffusivity of salt which is a function of temperature. Figure F-3
shows plots of thermal diffusivity for halite, anhydrite, argillaceous halite and polyhalite
(Krieg, 1983). Figure F-4 also shows data from D'Appolonia (1978) that used the relation

o = —
T

for salt. The D'Appolonia temperature dependence yields slightly higher values compared
with the Waste Isolation Pilot Plant (WIPP) data, but indicates a consistency in the data. For
purposes of the post-explosion heat transfer analysis the temperature dependent data for salt
has been used.
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s

14
o = o.ozs[ﬂw (12i)
§ T

The boundary condition at the surface of the salt is:

oT

L4

o f = (131)
3 ax qsr*-qsc

where k, is the thermal conductivity of the salt. Figure F-4 shows plots of thermal
conductivities for the same materials as a function of temperature. Again, the thermal
conductivity from D'Appolonia (1978):

is also shown on Figure F-5 to check the consistency of the WIPP data. Again, the thermal
conductivity for halite was used for the post-explosion heat transfer analysis.

.14
¢ - 001 ﬂ]
T

5
5

The terms q,, and g, in (131} couple the heat conduction into the salt with the rate of cooling
of the gas via equations (7) through (10). In addition to the boundary conditions given by
(121), initial conditions at time t = O are required. It is assumed that at t = O the salt is at the
ambient temperature in the panel, T,,. Equations (11i) through (14i) with the initial
conditions form the complete problem for the temperature in the salt as a function of time as
the gas coolé.follow?ing the explosion.

F.3.3.2 Heat Conduction to the Explosion-isolation Walls
The second model involves the heat transferred from the gas to the explosion-isolation walls
and 1s governed by the partial differential equation,

o1, _ 9T, (11ii)

oxz ot

a,
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where a, is the thermal diffusivity of explosion-isolation walls. If the explosion-isolation
walls are concrete, the thermal diffusivity does not vary with temperature (D’ Appolonia,
1978),

o, = 0.005 (12ii)
, N
The boundary condition is: .% B
H L
oT L .
-k, axb =4, *4q, . (1311)

where q,, = heat flux for the salt, g,. = heat flux for explosion-isolation walls, and k, is the
thermal conductivity of the walls. Again, if the explosion-isolation walls are concrete, the
thermal conductivity is constant (D’appolonia, 1978).

k, = 0.002 (14ii)

Analogous to the case for salt, the terms q,, and g, in (13ii) couple the heat conduction into
the salt with the rate of cooling of the gas via equations (7) through (10). Att = 0 the
explosion-isolation walls are at the ambient temperature at the panel level, T,

F.4.0 Numerical Model

Equations (1) through (14) were solved using a computer program based on an explicit finite
difference representation of the equations. In subsequent discussion the following symbols

are used,

T = time step At

£ = distance between mesh points, Ax, in finite difference representation of
semi-infinite solid used to model the explosion-isolation walls.

n = subscript denoting the value of a variable at time t.

n+l = subscript denoting the value of a variable at time t+.

m = subscript denoting the value of a variable at mesh point m in a finite
difference representation of a semi-infinite solid. m = 0 corresponds to the
boundary x = 0.

T,, = gas temperature at time t.

T, = temperature at x = () in salt.

T, = temperature at x = 0 in an explosion-isolation wall.

T.w = temperature in salt at mesh point m and time n.

T = temperature in explosion-isolation walls at mesh point m and time n.

o, = thermal diffusivity in salt at mesh point m (function of temperature).
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thermal diffusivity of explosion-isolation wall material at mesh point m
(may be constant or a function of temperature).
Q. = heat flux to wall (salt) via radiation at time point n.

oy

Q. = heat flux to explosion-isolation wall via radiation at time point n.
Qe = heat flux to wall (salt) via convection at ime point n.
Qs = heat flux to explosion-isolation wall via convection at ime point n.

Where symbols are used for parameters that are a function of temperature and consequently
also a function of time, the subscripts n and n+1 refer to whether the parameter is evaluated
attort+ At

F.4.1 Overview of Computer Program
Figure F-6 provides a simplified flow chart of the computer program used to solve the
equations in the model in explicit finite difference form.

F.4.2 Finite Difference Formulation

For the first past through the calculational loop n = 0 and the gas temperature is set to T,
the initial temperature. Based on the assumption of constant volume during the explosion, the
temperature is related to the pressure by,

0

=T = 87T 15

g0 gamb P =8 gamb . T T (15)
amb K B

where
Tems = the gas temperature prior to the explosion
P*™® = the gas pressure prior to the explosion (taken as 2 atm)
P, = the gas pressure caused by the explosion (taken as 16 atm)
Ty = the gas temperature caused by the explosion which is the initial gas

temperature for the cooling analysis.

The initial temperature of the salt (T,,,) and explosion-isolation walls (T,,,) for the heat
conduction calculations are set to the ambient temperature at all mesh points.
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TsmO =
T =
where M is the maximum mesh point number used in the finite difference representation of

the semi-infinite solid. T, is the ambient temperature of the salt and explosion-isolation
wall at the time of the explosion.

F.4.2.1 Program Section 1

Section 1 of the program (Figure F-3) calculated the parameters required for the determination
of the heat fluxes from the hot gas to the cooler walls. These calculations are performed
initially based on values for n = 0, initial conditions. Subsequently, they are evaluated based
on the temperature values at time point n.

Thus,

-4 Tgn + T.-.'Dn
1.85 x 1074 | 2=
600

% =]
n
]
[l
~

a7
.67
1.85 x 104 | Lo * Do
500

pbn

where

B, = viscosity of the salt

B, = viscosity of the explosion-isolation wall

T, = gas temperature at time point n

Ty = wall temperature of the salt at time point n, which is the m = 0 mesh point of
the finite difference representation of the semi-infinite solid used to model heat
conduction into the salt

Ty, = surface temperature of the explosion-isolation wall.

Since the initial surface temperatures of the salt and the walls are the same, the initial value
of p will be the same at both the salt and the walls. However, with time as the surface
temperature of the explosion-isolation walls varies from the surface temperature of the salt,
the values of p will be different for the salt compared with the walls. This plays a roie in
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having different convection heat transfer coefficients at the salt compared with the explosion-
1solation walls.

The convection heat transfer coefficients are given by (8) below.

( visf )3
h =934 x 10 2o Ton || 807 Lo T
o 600 2T, + T, |
/ \7s>( -
h, =934 x 10 Ton * Tion t | 20%) Ton = Ton
600 | BonLTen * Toan

The density, p, remains constant by virtue of the constant volume and constant number of
moles. The acceleration of gravity, g, also remains constant for all time points.

The specific heat of the gas which is required for Section 3A of the program is given by (4)
below.

130728
C, =645x 10% (I, + T,) + 73353 ——2"=° (19)

(Tgn * Trﬂﬂ)z

Because the specific heat is a bulk property of all of the gas in the panel, it is affected by all
of the surface area in the panel. Because the surface area of the salt is orders of magniture
larger than the surface area of the explosion-isolation walls, the specific heat at each time is
based solely on the surface temperature of the salt.

F.4.2.2 Program Section 2

The heat flux rates to the walls as well as the total heat transfer rates to the walls via
convection and radiation are calculated in Section 2 of the program. Flux is required for the
boundary condition for the heat conduction analysis of Section 3B and total heat flow is
required for the change in gas temperature calculation in Section 3A.

The total heat flow values are given by (5) and (6) which for time step n become

where h, and h,, are given by (18). The total heat flows are used in Section 3A of the
program evaluates the time rate of change of the gas temperature using equation (7).
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(As[ - Th] + AJT - Twn]) (20)

0, = Ashsu(T n T;ﬂn) + Ahy, P Tbn)
The total heat flows at time step n given by (20) are heat flow out of the gas occupying the
panel volume and into the explosion-isolation walls. For the heat flow Into the explosion-
isolation walls, the areas, A, and A, cancel from the equations representing the boundary
conditions at x = 0 for the transient heat conduction problems solved in Section 3B of the
program. Thus, for Section 3B, the heat flux values are required. These are the same as (20)

Don 0{[ TsOn Twn]) @

G = T - )+h( -7.)

without the areas.

where q,, and g, are the heat fluxes due to radiation and convection.

For the total heat flow and heat flux due to radiation, the Stefan-Boltzmann constant is taken
to be constand for all values of temperature and hence time.

= 1.355 x 1072 (22)

F.4.2.3 Program Section 3
Section 3 comprises the main body of the program.

F.4.2.3.1 Program Section 3A
Equation (7) governs the rate of change of gas temperature in the panel volume. Using the

explicit finite difference approximation,
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where T = At is the time increment, Equation (7) becomes

Tn+l = Tgn - T an ’ an (23)
: 1054 n,, C,,

where Q,,, Qn, and C,, are given by (20) and (19) and ncy, is an input representing the moles
of methane in the panel volume at the time of the explosion. Equation (23) gives the gas
temperature in the panel at time t + At in terms of the gas temperature at time t and the total
heat flow values at ime t.

F.4.2.3.2 Program Section 3B

Section 3B of the program is the most complex. It solves two transient heat conduction
problems assuming that the walls, floor, roof, and explosion-isolation walls are semi-infinite
solids having thermal conductivities and diffusivities that may or may not be temperature
dependent. In the case of the walls, floor and roof, the panel volume the conductivity and
diffusivity of salt is dependent on temperature. Assuming that the explosion-isolation wall
material is concrete, the conductivity and diffusivity of the explosion-isolation wall are
independent of temperature.

Because of the temperature dependence of the conductivity and diffusivity of the salt, and the
time-dependent spatial temperature distribution into the walls, floor and roof, the conductivity
that is required for the boundary condition at x = 0 varies with time and the thermal
diffusivity varies in both time and space. The partial differential equation for transient heat
conduction when the diffusivity varies spatially is given by:

i Q E = £ (a)
ox ox ot (
which can be expanded as: ;.
9\ (aT\ _®T _ T e
— = __ b
[axj(awaF 5 ®

Using the finite difference approximations,
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oo 1

-87 = 'fe-(amd - am-l) (Cl)
PRI, S B (cid)
ox*  g? "

oT 1 ..
—_— =T -T (c1)

ox 2e( i ""1)

where e = Ax, the left hand side of equation (b) becomes
2

ar(or ), o7 _

ox || ox ax? d
1
482 [amtl _am-d] [Tm-vl —Tm-l] +4(1me_1 _Same +4ame+l)

or

1
=__2(am¢le+l -adem-l _am-ITmﬂ +am—le-l)+
4e . (e)
—{40, T, -80,T, +40, T, )
482 mom mom m m

da ||dT | o°T
4ef| = || =— fro—
°{{ax][ax]’ axz]t ®
Voo A0 - )-8 T 4T, (a,  +o, -a )

m m+l " m+l

Using an explicit finite difference representation of the time derivative as used in Section 3A.

aT_ 1

()

—_ =T T
at At( m n+l mn)

Substituting (f) and (g) into the partial differential equation (a),
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Tm-l n(am~1+4am_am+l) -Same n+Tm+l n(am+1 +4am—am-l) =
1 (h)
'ﬁ(Tm n+l _Tm n)
where
N =2 @
4¢?
is analogous to the modulus for the case of constant diffusion. Solving (h) for T,
T, ,,= 6
Tm-l nN(a’m—l + 4am—am+l)-(8N_1)ame n+Tm+1 nN(am+l+4am_am-l)
For the case of constant diffusivity,
am-—l = a’m = am*l =«
with PRSEREN
M =28 aan Kk
e’ AVRY:
equation (j) becomes "

Tm Al M (Tm+1 n * Tm—l n) B (ZM-]')Tmn (1)
which is the finite difference equation for the case of constant diffusivity (Carslaw and
Jaeger, 1959). Thus, equation (j) reduces to the correct equation when the diffusivity is
constant and is the finite difference equation for the case of variable diffusivity.

For a numerical stability criteria,
M<0.5 (m})

the corresponding relation for the case of variable diffusivity becomes equation (n) for all m.
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MAX(o, N}<0.125 (n)

The thermal conductivity and thermal diffusivity at each time point are evaluated from the
temperature at that time and space as given previously for the temperature variation of the
conductivity and diffusivity.

The boundary condition at x = (, is the same as for the case of constant diffusivity,

oT
-k I =g

- {o)
n ax rn qcn

where q,, and g,, are determined in Section 2. Using the finite difference relationship
(Carslaw and Jaeger, 1959),

a7, 1
ax = '“2';'(—3]‘0 n +4T] n T2 n) (P)
equation (0) becomes:
kﬂ
"E’(_STOB * 4T1 n - TZ n) = qfﬂ qcn

= "'_"(qrn + qcn) (q)

Substituting for q,, and g,

3T0 ' 4Tl n * TZ n = nn(Tgn B To,.) * ‘Yn(T;‘ - T'::")

where

N, = — @
and o

Using the identity
and defining
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'Yn T e (S)

Tp - Ta = @, - T, TAToTo)

fn = (Tgn * T()»)(T2 M Toz") (t)

gn
3T0n - 4T1n * T2n = (T'n - Yn fn)(Tgn - TOn) (u)

For the case of both convection and radiation equation (u) is a fourth order equation in T,
and has to be solved using a numerical technique such as Newton-Raphson iteration. Since
the effect of radiation heating of the walls, floor, roof, and explosion-isolation walls leads to a
more rapid cooling of the combustion gas following the explosion, and temperatures effects
on the salt or explosion-isolation material is worse for longer durations, it is conservative to

neglect radiation heat transfer. In this case, equation (u) becomes linear:

3T, - 4T, +T, =0, T, -T,) V)

gﬂ
which can be solved directly for T, .:

= 4Tln - Tln * nn Tgn \":. ' : (W)
3+m, '

On

At each time the field equations are solved based on the previous time. The boundary
condition (w) is then applied.

Equations (j} and (u) are formulated for both the salt comprising the walls, floor, and roof and
for the explosion-isolation walls. As noted, the field equations for variable diffusivity reduce
appropriately to the special case of a constant diffusivity so the above equations are
sufficiently general to handle both the material of the explosion-isolation wall and the salt.

F.4.2.4 Program Section 4

In Section 4 of the program, the temperature values at time t+At (n+1) become the new
values at time t (n). The time counter, n, is incremented by 1 and the program returns to
Section ! to compute the solution at the subsequent time step.
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F.4.3 Initial Volume, Surface Area and Number of Moles

The volume of gas to be cooled via heat transfer to the walls, roof, floor, and explosion-
isolation walls following an explosion is taken to correspond to the effective panel volume at
the time when the air-methane mixture in the panel enters the explosive range. The effective

volume is defined as:

V=0V

where V is the panel volume considering closure of the panel and & is the porosity which
accounts for the waste emplaced in the panel. Figure F-7 shows a plot of the effective
volume as a function of time.

Based on Figure 4.2 of the Conceptual Design Report (DOE, 1995), the methane-air mixture
in the panel volume enters the explosive range at 25 years. From Figure F-7 this corresponds
to a panel volume of 1.6 x 10' cm’® at the time the postulated explosion occurs.

The surface area at the time of the postulated explosion was obtained from the volume at the
time the methane air mixture enters the explosive range at 25 years and the initial ratio of

surface area to volume.

As'n':
A = anr

init

Figure F-8 shows a plot of panel surface area as a function of time,

Based on the air-methane mixture entering the explosive range at 25 years, the surface area at
the time of the explosion is 1.6 x 10° cm®. The area of two 14 foot x 14 foot explosion-
isolation walls is 1.82 x 10° cm®. Thus the area of the explosion-isolation walls is

1.82 x 10°
1.6 x 10%

= 0.0014 = 0.14%

of the total surface area.
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The number of moles of combustion gas is found using the ideal gas law based on an initial
pressure of 16 atmospheres (atm) and an initial temperature of 2,400 °K.

n=2" 24)
RT
with
R = 82.06 cm’™atm/mol-°K (ideal gas law constant)
p = 16atm
V= 16x 10"
T = 2400 °K

_ 16 x (1.6 x 10%)
82.06 x 2400

n = 1.3 x 10° moles

The program uses the number of moles of methane and air independently to calculate the
density. Thus,

10.54 n,,, = 1.3 x 10° (25)
Reys = 1.233 x 10°

n, =954 xn,, =1176 x 10°

ai

CH4
The density is given by

(1.233 x 10%)(16) + (1.176 x 10°)(29)

T 10" = 0.002255

F.5.0 Results

The numerical formulation discussed in Section 4.0 was executed using a spatial grid size,
€ - 1 cm and a time increment, T = 10 seconds. No problems with numerical stability were
encountered using these values.
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At time t = 0, the initial heat transfer from the combustion gas to the salt and explosion-
isolation walls results is a large temperature gradient at the surface. To represent this
gradient accurately ‘using a finite difference formulation would require an extremely small
grid spacing as the initial temperature gradient extends only an infinitesimal distance into the
surface. Using a grid spacing sufficiently small to accurately characterize the imitial gradient
would be prohibitive, relative to the number of mesh points and time steps required.

The initial conditions for the finite difference calculations were determined by using an exact
solution for the case of constant convective heat transfer coefficient and constant gas
temperature. The use of the closed form solution to determine the initial conditions assumes
that the change in gas temperature over small initial times is small and that the heat transfer
coefficient is weakly dependent on the temperature difference between the gas and the
surfaces of the salt and explosion-isolation walls. Based on the closed form solution, the
initial conditions for the finite difference model were taken at a time of 12.7 seconds
following the explosion. For shorter initial times, the gradient had not propagated sufficiently
far into the surfaces to be represented with a 1 cm. grid spacing. Thus, the mitial time for
the finite difference calculations was 12.7 seconds with initial temperatures based on the
closed form solution.

Figure F-9 shows the gas temperature, salt temperature (walls, floor, and roof) and explosion-
isolation wall temperature as a function of time following the explosion. Figure F-10 shows
the temperature distribution into the explosion-isolation walls at various times following the .=

. . C . . P
explosion. Figure F-11 shows the temperature distribution into the salt at various times ¢ *

.
following the explosion. Loy
i

Figure F-9 shows that the temperature of the gas has nearly reached the initial ambient
conditions after about 2 hours. Over that span of time, elevated temperature in the explosion-
isolation wall has a maximum extent of 15 cm (about 6 inches) into the explosion-isolation
wall. Since the explosion-isolation wall is at least 36 inches (91.4 cm) thick, the elevated
temperature will not reach the opposite side of the wall. Thus, the assumption of a

semi-infinite body in the numerical model is not violated.

A comparison of the results shown on Figure F-9 with the results given in D'Appolonia
(1978) is favorable. The ratios of surface area and volume used in D'Appolonia (1978) as
well as the initial pressures are not the same as used for this analysis. The temperatures
shown on Figure F-9 are slightly higher than those predicted for a pressure of 9 atm as shown
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in D'Appolonia [1978]. This is as expected since the initial pressure affects the number of
moles which determines the rate of temperature decay in the gas. This is illustrated by
comparison of the results for 9 atm with those for 27 atm shown in D'Appolenia (1978). The
favorable comparison of the results shown on Figure F-9 with those of D'Appolonia (1978)
provides verification of the numerical model used in these analyses.
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