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THERMAL MODELS OF A FLAME ARRESTER 

By John C. Edwards 1 

ABSTRACT 

To increase the capability to predict the effectiveness of a flame arrester in the cooling of hot 
combustion gases expelled through a flame arrester, the U.S. Bureau of Mines developed an equilibrium. 
model and one- and three-dimensional transient thermal models of a flame arrester, which were used 
to predict the temperature evolution within the arrester and the maximum temperature at the external 
surface of the arrester. The models account for convective and conductive heat transport within the 
arrester and radiative losses at the exit surface. The gas flow through the arrester is established from 
an empirically derived relationship between the gas velocity and the pressure gradient across the 
arrester. Lateral heat loss from the arrester to the enclosure wall is accounted for in the three
dimensional model. The model calculations for maximum outside surface temperature of the arrester 
showed an approximate agreement with measured values for vent-area-to-enclosure-volume ratios 
between 12 and 28 in2·ft-3. 

lResearch physicist, Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA. 
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INTRODUCTION 

As part of the U.S. Bureau of Mines research program 
directed toward the improvement of electrical safety and 
the utilization of permissible equipment in mines, several 
thermal models of a flame arrester were developed to 
establish criteria for the safe venting of hot combustion 
gases from an electrical enclosure. Without the availability 
of venting, heavy and bulky enclosures are required to 
withstand the internal gas pressure increase associated 
with a methane (CH4) and air or coal dust and air 
explosion (1).2 A confmed stoichiometric CH4-air 
explosion could achieve a pressure in excess of 100 psi. 
Venting alleviates the internal gas pressure increase and 
permits the use of lighter weight, less bulky enclosures. 
Simultaneously, the vent is expected to quench the flame 
front associated with the explosion so as to preclude 
propagation of the explosion into a combustible CH4 or 
coal dust environment that might exist external to the 
enclosure. The presence of a flame arrester in the vent 
opening is effective in quenching the flame. An early 
exposition of the industrial use of flame arresterslY1d their 
advantages and disadvantages outlines a basic specification 
procedure for the implementation of flame arresters (2). 
A flame' arrester will structurally be composed of either 
wire gauze, crimped ribbon, or an open cellular metal 
foam. Experimental studies were made of the effective
ness of an open-cell metal foam as an arrester (3-4). The 
foam used was RETIMET,3 a registered trademark of 
Dunlop Ltd. of Coventry, Warwickshire, England; it was 
tested (3) as a flame arrester for CH4-air explosions in 
a 1/2-ft3 enclosure with vent-area-to-enclosure-volume 
(A/V) ratios between 12 and 28 in2·ft-3. Additional tests 

were made at the Bureau (4) for a vent- area-to-enclosure
volume ratio of 54 in2·ft-3. The larger the vent-area-to
enclosure-volume ratio, the greater the reduction in the 
maximum gas pressure in the enclosure and the greater 
the reduction in the external surface temperature of the 

. arrester.4 Studies (5-1) have been made of the effect of 
vent size on pressure venting. These studies do not take 
into consideration the presence of an arrester in the vent. 
An important design criterion for arrester deployment is 
not only how to quench the flame and prevent its trans
mission into the external environment, which will most 
probably contain the same combustibl~ mixture as in the 
enclosure, but also how to adequately cool the expelled 
gases so as not to heat the arrester external surface in 
excess of the autoignition temperature of any combustible 
material in contact with the arrester. The autoignition 
temperature for a stoichio1liettic CH4-air mixture is ap
proximately 605°.C (8), while for a layer of coal dust in 
contact with a heated surface, the autoignition tempera
ture can be as low as 1600 C (9, p. 51). The autoignition 
temperature for a coal dust layer depends upon the dust 
volatile content, layer thickness, and particle size. 

In order to understand the significant parameters in 
arrester design that control the heat loss from the hot 
gases expelled through the arrester, several mathematical 
models of heat and mass transport through porous struc
tures were developed. In general, these are numerical 
models that require the solution of time- and space
dependent partial differential equations. As a foundation 
for these complex approaches, a simple equilibrium model 
was developed fIrst. 

EQUILIBRIUM MODEL 

For an explosion vented through an arrester, a 
determination can be made of the maximum temperature 
the arrester will achieve based upon the fIrst law of 
thermodynamics. In consideration of the experimental 
studies of the venting of an explosion through a com
bination of metal screens and arresters (3), both compo
nents are included in this model. The primary model 
consideration is that the thermal energy released by the 
CH4-air explosion in the enclosure is transferred to the 
screens and the arrester to the extent that thermal 
eqUilibrium occurs between the product gases, the screens, 
and the arrester. If the combustion enclosure contains a 

2Italic numbers in parentheses refer to items in the list of references 
preceding the appendixes at the end of this report. 

3Reference to specific products does not imply endorsement by the 
U.S. Bureau of Mines. 

mass of CH4 mCH and a mass of air ma at an ambient 
4 

temperature To, the flame temperature Tf of the com-
bustion products is determined from a constant volume Ts 
calculation. The initial CH4-air mixture results in the 
following reaction between the CH4 with the oxygen (02) 

in the air to produce carbon dioxide (C02) and water 
vapor (HP): 

(1) 

Tf is determined from an application of the fIrst law of 
thermodynamics to equation 1 for the condition of stoi
chiometry or excess air. 

4In this report, the temperature at the arrester external surface will 
refer to the gas and the arrester unless otherwise specified. 



(2) 

where Cy ,Cy , and Cy are the constant volume high-
CO2 H20 • 

temperature specific heats of CO2, H 20, and air, 
respectively, and t.Hc is the constant volume heat of 
combustion. The mass of CO2 and H 20 produced are 
denoted by mco and mH 0' The O2 depleted from the air 

. 2 2 
in the reaction is denoted by mo . 

Equation 2 is rewritten for th~ temperature increase of 
the product gas in terms of the mass fraction f of CH4 to 
air, f = mCH jm •. 

4 

(3) 

where ak is the ratio of mass of species k, mlO to mCH for 
species (k = CO2, H20, and 02)' The combustion tem
perature Tr, as well as the composition and heat capacity 
of the product gases, will be determined by whether the 
initial CH4-air mixture is stoichiometric or CH4 lean. 

In the absence of heat loss to the enclosure walls, a 
determination of the fmal equilibrium temperature Tl of 
gas, screens, and arrester can be made. If there are a 
number of screens n, each of screen mass m., and an 
arrester of mass m, then T 1 is determined as follows: 

(4) 

where C
P1 

= constant pressure specific heat of 
screen, 

and C = constant pressure specific heat of p. 
arrester. 

The mass of air ma contained in the volume V of the 
enclosure is determined from the molar relationship for a 
gas composed of a mixture of CH4 of molecular weight 
W CH and air of molecular weight W. at ambient 

4 
temperature To. 

3 [To 1 V = (mCH jW CH + ma jWa) (22.4 X 10) -. (5) 
44 273 

Rearrangement of the terms in equation 5 yields 

3 

For arrester design purposes, it is useful to characterize 
the arrester in terms of its fundamental physical and 
geometric properties. 

The mass of the arrester m is determined from the 
arrester's porosity E, bulk density Ps' thickness fl, and 
cross-sectional area A. 

m = (1 - E) prAfl. (7) 

The mass of a screen m. is determined from the 
screen's porosity E s, bulk density (1., wire diameter d, and 
cross-sectional area A.. For an interwire separation 
distance fl., within each screen, E. can be developed from 
geometric arguments. 

(8) 

The screen mass is 

(9) 

Equations 1 through 9 were used to determine the 
maximum arrester temperature with and without screens. 
Each screen, in accord with previous research (2-3), was 
assumed to be 20 mesh and composed of stainless steel. 
Table 1 is a listing of the physical properties of the screens 
and the arrester, as well as the thermodynamic properties 
of the gases. The RETIMET flame arrester is a highly 
porous metal foam with a porosity in excess of 0.9 and a 
mass density characteristic of the primary metal constit
uent nickel. For the values shown, the screen porosity e. 
was determined to be 0.54. 

Table 2 shows the calculated maximum equilibrium 
temperature Tl for several values of cross-sectional area of 
arrester A and CH4-air mass fraction f. Values of A were 
selected for arrester sizes that would be used in the vent 
of an electrical box in a mine. For a 6-in by 6-in vent, the 
arrester mass m is 134 g and the screen mass m. is 39 g, 

. and for a 10-in by 15-in vent, m is 560 g and m. is 164 g. 
The value f = 0.0581 represents stoichiometric CH4-air. 
The slightly lower f value of 0.041 shows the effect of a 
reduction in CH4 concentration. For each of the cases 
shown in table 2 for stoichiometric CH4-air, Tl of the 
arrester is significantly higher than the autoignition 
temperature of 6050 C reported for CH4-air (8) and 
considerably higher than the ignition temperature of 
1600 C reported for coal dust (9). For the lower mass 
fraction, Tl was reduced, but still was in excess of the 
ignition temperature for a combustible CH4-air or coal 
dust-air mixture. In each case, the presence of screens 
moderates T l' A significant increase in the thickness fl of 
the arrester would moderate Tl at the expense of an 

I 

I 
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increased flow resistance to the expelled gas, thereby 
compromising the structural integrity of the enclosure in 
its ability to withstand a large pressure rise. An alternative 
is to increase A. 

Table 1.-Physical properties of screens, 
RETIMET flame arrester, and gases 

Screens: 
C I ,1 K'1 

P1 .. • .. • .. • .. ca •g • .. 
d .................. cm .. 
.Qs ••••••••••••..••. em .. 
(1s •••••••••••••• g·cm'3 .. 

Arrester: 
C I ,1 K'l p ........... ca·g· .. 
.Q ~ •••••••••••.••••. em .. 
e ...................... . 
Ps •.••••.••..•.• g·cm'3 .. 
As •••••••• cal·cm,l·s,I·K,l .. 

Gases: 
aC0

2 
•••••••••••••••••••• 

aH20 ••••••••.•...•••.••• 

ao .................... . 
Cy2 •••.•..••.• eal'g,1'K,l .. 
Cya ..••.•••• eal'g,1'K'1 .. 
Cy co2 ...••.••• eal·g,I·K,l .. 
CyH20. • . • . • . . . • cal·g,I·K,I .. 
wao.2 ............. g·mol,1 .. 
WCH •••••••••••• g·mor1 .. 
e.Ho 4 ••••••••••••• keal'g,1 .. 
\ I ,1 ,1 K'1 "g ......•. ea 'em 'S' •. 

0.1 
0.046 
0.084 
8.02 

0.158 
1.3 

0.95 
8.9 

2.39 x 10'6 T 

2.75 
2.25 

4.0 
0.24 
0.29 
0.57 
0.22 

29 
16 

11.95 
3.5 x 10,6ff 

The equilibrium model is an overly conservative analysis 
of the predicted maximum temperature of the arrester. 
There is, in fact, an important mode of heat loss that 
occurs through radiation at the external surface of the 
arrester. This is a primary consideration for the transient 
models presented in the subsequent sections. 

Table 2.-Calculated maximum temperature 
of arrester from equilibrium model 

A n Tv K TI , ·C 

f = 0.041; Tf = 2,002 K 

6 by 6 in 0 1,738 1,465 
1 1,698 1,425 
2 1,660 1,387 
3 1,625 1,352 

10 by 15 in .. 0 1,263 990 
1 1,191 918 
2 1,130 857 
3 1,076 803 

f = 0.0581; Tf = 2,564 K 

6 by 6 in 0 2,224 1,951 
1 2,173 1,900 
2 2,124 1,851 
3 2,077 1,804 

10 by 15 In .. 0 1,603 1,330 
1 1,508 1,235 
2 1,427 1,154 
3 1,355 1,082 

ONE-DIMENSIONAL TRANSIENT THERMAL MODELS 

GAS AND ARRESTER TEMPERATURE 
IN LOCAL EQUILIBRIUM 

If, during expulsion of the hot combustion gas through 
the arrester, significant heat conduction to the walls of the 
explosion-proof box is absent, then a one-dimensional heat 
transfer model can be used to predict the evolution of the 
arrester temperature. Figure 1 shows a schematic of the 
arrester that has a thickness R.. Hot combustion products 
at a flame temperature Tf and gas pressure in the 
enclosure (explosion-proof box) P 2 are expelled at a 
superficial gas velocity v through the arrester to the 
external environment, which remains at a pressure Pl' The 
assumption is made that the heat transfer rate between the 
gas and the arrester elements is sufficiently fast, such that 
the gas and the arrester are in local thermal equilibrium 
defmed by a unique temperature T(x,t) at location x and 
time t. An element of the arrester is understood to be a 
fiber of gauze, a segment of crimped ribbon, or a segment 
of the cellular foam structure. The temperature satisfies 
an energy transport equation: 

aT a2T aT 
- = aO -- - f3oP gCp V-, at ax2 g ax (10) 

where v = superficial gas velocity, 

As arrester thermal conductivity, 

Cp constant pressure specific heat of gas, 
g 

and gas density. 

The thermal diffl1Sivity a o and parameter f30 are defmed 
as 

As f30 and 

f30 

The first term on the right side of equation 10 rep
resents the thermal conduction through the arrester and 
the second term represents the thermal convection of the 
product gases. 



P2' Tf 

Gas flow => 
(hot gas) 

x=o 

Arrester 

x=1. x 
Figure 1.-Schematic of one-dimensional flame arrester of 

thickness i. 

The thermal conductivities are temperature dependent. 
The values for RETIMET flame arrester, thermal conduc
tivity As> and for the gas thermal conductivity Ag are listed 
in table 1. A constant value of 0.31 cal·g·l·Kl is used for 
the constant pressure specific heat of gas Cp • The local 
gas density P g in the arrester is determin~d from the 
gas pressure P (in dynes per square centimeter) internal to 
the arrester and the local temperature T (in kelvins) 
through the ideal gas law. 

(11) 

where Wg gas molecular weight 

molar gas constant 
(8.3143 X 107 erg·mol·l ·Ki). 

The superficial gas velocity v is uniquely determined at 
any time from the gas pressure gradient across the 
arrester. This determination for RETIMET flame arrester 
is based upon a correlation between the pressure dif
ferential across a 10-mm-thick RETIMET flame arrester 
and the measured gas flow provided by the manufacturer, 
as shown in table 3. The manufacturer's data states that 
the pressure drop llP across the arrester increases as the 
1.7th power of the gas flow. A regression of the data in 
table 3, based upon the 1.7th power law, determines the 
following relationship between llP = P2 - PH in millibars, 
and v, in meters per second, for an arrester 10 mm thick. 

(12) 

Figure 2 shows a comparison of the manufacturer's meas
urements with the predictions based upon equation 12. 
For a RETIMET flame arrester of thickness .e (centi
meters) the above expression is modified to read 

.0. P /.e = 0.298v1.7. (13) 

5 

300r----,r----.-----.-----.----~ 

200 

100 
80 

60 

... 40 
o 

..0 
E 

a: 
<l 20 

10 
8 

6 

4 

KEY ,," 
I " -- Manufacturer s datg.." 

17 " - - - 6P = 0.298 v' " 
; 

I 
I 

I 
I 
I 
I 
I 

I 
I 

I 

I 
I 

/ 
I 

I 

/ 
; 

" I 

; 

I 
I , 

.... 
~ ........ 

2~----~----~----~----~--~ o 10 20 30 40 50 

v, m.s- I 

Figure 2.-Pressure drop liP across flame arrester versus 
superficial gas velocity. 

Table 3.-RETIMET flame arrester 
(grade 45, 10-mm-thick) gas 

flow-pressure data 

Gas flow, m"S·l 

1.0 ........... . 
1.78 .......... . 
5.0 ........... . 
10.0 .......... . 
30.0 .......... . 
50.0 .......... . 

Pressure loss, mbar 
0.15 

.5 
2.5 

10.0 
50.0 

250.0 

Source: Dunlop Ltd., Aviation Div., 
Coventry, Warwickshire, England. 

The model transport equation, equation 10, determines 
a unique solution for specified initial and boundary values 
for temperature T. The initial value throughout the 
arrester is the ambient temperature To. Boundary values 
are specified for the arrester internal and external surface. 
Internal to the enclos~re, the arrester surface temperature 
is identified with the flame temperature Tt, until sufficient 
hot gas is expelled through the enclosure to equilibrate the 
gas pressure P internal and external to the arrester, at 
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which time an adiabatic boundary condition is imposed. 
Expansion of the combustion gas in the enclosure results 
in negligible change in T t • On the external surface of the 
arrester, energy lost by radiation determines the arrester 
surface temperature. 

The radiation-controlled boundary condition at the 
external surface balances the internal heat conduction with 
the radiation cooling. 

aT (4 4 ->'s- = ea T - To ) ax 

at x = R.., 

where a = Stefan-Boltzmann constant 
(1.3551 x 10-12 cal·cm-2·s-1·k4), 

(14) 

and e = emissivity (absorptivity) of the arrester 
surface. 

For these considerations, the arrester was assigned an 
emissivity e of unity as an approximation for an oxidized 
metaL 

The model equations, 10 through 14, are nonlinear 
because of the temperature-dependent thermal conduc
tivity and radiative cooling boundary condition. In addi
tion, the convective superficial gas Velocity v is a 
generalized function of time t that must be specified for 
a given application. For these reasons, a numerical proce
dure was adapted to generate a solution to the model 
equation. A finite difference procedure that is implicit in 
time and central in space was well suited for this purpose. 
The resultant coupled, nonlinear algebraic equations were 
coded into· a FORTRAN computer program that deter
mines the evolution of the arrester temperature through 
an application of the Thomas algorithm (10). 

The resultant model was applied to an analysis of a 
flame arrester project (3) that evaluated maximum com
bustion gas pressure P and maximum interior and exterior 
surface temperatures of the arrester for four vent-area-to
enclosure-volume ratios between 12 and 28 in2·ft-3 as 
shown in table 4. In each case, the 1/2-ft3 enclosure ~on
tained a combustible CH4-air mixture, and the RETIMET 
flame arrester was 1/2-in thick, grade 45. A decrease 
in the vent-area-to-enclosure-volume ratio is associated 
with an increase in the maximum gas pressure P in the 
enclosure. As expected, the maximum outside surface 
temperature of the arrester is lower for the case of a 
28 in2·ft-3 vent-area-to-enclosure-volume ratio than for the 
12 in2·ft-3 case. The reported relative maximum tempera
tures are unexpected for the intermediate cases of 24 and 
20 in2·ft-3, in sofar as the maximum temperature does not 
decrease monotomically with increasing vent area. 

Table 4.-Measured maximum gas pressure and maximum sur
face temperature of RETIMET flame arrester for vent-area-to

enclosure-volume (AfV) ratios between 12 and 28 in2o ft·3 

AjV, Maximum Maximum Maximum 
(In2~1t-3) pressure, interior exterior 

psig surface surface 
temperature, ·C temperature, ·C 

12 1.3 1,138 358 
20 .52 961 164 
24 .32 970 220 
28 .37 1,001 194 

Computational simulations were made with the one
dimensional transient thermal model based upon the 
reported maximum pressure, an assumed gas pressure P 
decay time t of 300 ms, and the reported maximum inside 
surface temperature of the arrester for measured values of 
flame temperature Tt • The selection of the same 300-ms 
time constant for each of the four cases is somewhat 
arbitrary, although within the time frame of 1 s expected 
for expulsion of vented gases. The selection of this time 
constant serves to demonstrate the utility of the model. 
These measured values of Tf are considerably lower than 
adiabatic Tf and only represent the maximum temperature 
calculated without information regarding the gas tempera
ture Tg evolution. Predicted and measured maximum out
side surface temperatures of the arrester for each of 
the four cases are shown in figure 3. The straight-line 
segments shown in figure 3 are drawn to clarify the meas
ured and predicted values. A linear interpretation is 
not implied. An approximate agreement occurs between 
theory and measurement, although the theory presents a 
conservative overestimate of the maximum outside surface 
temperature. These results would exhibit a closer agree
ment for a decay time less than 300 ms. 

The moderating influence of radiation cooling upon 
the maximum external surface temperature was examined. 
For a vent-area-to-enclosure-volume ratio of 12 in2·ft-3, 

the predicted maximum outside surface temperature of the 
arrester was 5510 C, in comparison to a measured value of 
3580 C. A repetition of the calculation with the replace
ment of the radiation boundary condition, equation 13, by 
an adiabatic boundary condition resulted in an elevated 
predicted maximum outside surface temperature of 7800 C. 
This demonstrates the importance of radiative cooling as 
the dominant mode of heat loss. 

The one-dimensional transient thermal model defined 
by equations 10 through 15 appears satisfactory for the 
analysis of an arrester temperature if the gas pressure his
tory within the enclosure is known. There are two model 
assumptions that must be considered for completeness. 
One assumption is the identification of the local gas tem
perature Tg with the local solid temperature T.. This 
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Figure 3.-Measured and predicted maximum outside surface temperatures of arrester for vent· 
area-to-enclosure-volume (A/V) ratios between 12 and 28 In2·fr3• 

assumes a thermal equilibration of gas and solid over a 
time interval significantly smaller than any of the other 
heat transport processes. This assumption is considered 
below. The other consideration is the dissipative effect of 
lateral heat transfer from the arrester to the enclosure 
walls. This last assumption can only be properly answered 
with due consideration of a three-dimensional model and 
will be addressed in the "Three-Dimensional Arrester 
Transient Thermal Model" section. 

GAS AND ARRESTER TEMPERATURE DISTINCT 

The one-dimensional model defIned by equations 10 
through 15 in the previous section assumes that the gas 
and the arrester are in local thermal equilibrium. This 
assumption is based upon the expected rapid heat transfer 
from the gas to the fme mesh structure of the RETIMET 
metal-foam flame arrester. In order to have an analytic 
model that can provide a fundamental understanding of 
the gas-solid heat transfer process, a mathematical model 
was constructed that decouples the gas temperature T g and 
solid temperature T. through a small, but fInite, heat 
transfer rate between the gas and arrester mesh structure. 
This model provides an increased capability for the 
improved ~esign of a flame arrester tPat increases its 

efficiency as a thermal sink. As in the previous section, 
the model is a one-dimensional transient model. 

The fundamental heat transport equations for the gas 
temperature Tg and the solid temperature T. at a distance 
x internal to the arrester at time t are two coupled, partial 
differential equations. 

Gas heat transport: 

Solid heat transport: 

where the rate of heat transfer from the gas to the arrester 
is determined by the coefficient h, 

(17) 

I; 

, , 
I 
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and the rate of heat transfer from the arrester to the gas 
is determined by the coefficient h., 

(18) 

(19) 

The thermal diffusivities 0: and 0:. are defmed as 

(20) 

where h gas-solid heat transfer coefficient, 

and arrester-intemal-surface-to-volume ratio. 

The gas-solid heat transfer coefficient h depends upon the 
internal mesh structure of the flame arrester. 

Two geometrical structures for which gas-solid heat 
exchange is defmed are the cylinder and sphere (11). For 
the model calculations presented herein, the mesh is 
assumed to be composed of either cylindrical or spherical 
elements. The gas-solid heat transfer coefficients h 
for these cases are defmed in terms of the Reynolds 
number Re and Prandtl number Pr, where Re = Dpg vip" 
Pr = Cp p,1>"g, p, is the dynamic gas viscosity, and D is 
the elenfent diameter. For flow past a sphere, h is repre
sented by 

>.. >.. 
h = 22 + 0.62 Reo.s Pr1/3. (21) 

D D 

For flow past a cylinder, h is represented by 

>.. >.. 
h = 0.32 2 + 0.36 2 Pr 1/3 Re 0.57 , (22) 

D D 

where the second term is valid for Re > 100 (11) and the 
first term is valid for low Re flow (12). 

The model heat equations 15 and 16 are characterized 
by four time constants, each of which is associated with a 
different mode of heat transport. 

Gas-solid heat transfer: 

(23) 

Convective heat transfer: 

1"2 = R../(v/e). (24) 

Solid conduction: 

(25) 

Gas conduction: 

(26) 

The arrester-internal-surface-to-volume ratio (Sv) , for 
grade 45 RETIMET flame arrester is 26 cm2·cm-3• For 
a 1/2-in-thick RETIMET flame arrester sample, the time 
constants were evaluated with the data in table 1 and the 
temperature-dependent thermal conductivities presented 
previously. The thermal conductivities were determined at 
a temperature of 1,840 K, characteristic of a 6.8% CH4-air 
combustion temperature Tf • Table 5 lists the evaluation 
of the time constants. These values show the rate
controlling heat transfer mechanisms, associated with the 
smallest time constants, to be gas-solid and convective heat 
transfer. 

Table 5.-Thermal time 
constants 

'1"1 /-IS • • 11-1,500 
'1"2 /-Is. • 300 
'1"3 .•... s.. 30 
'1"4 ..... s.. 0.5 

1Spherical particle diameter 
between 2 and 2,000 /-1m. 

Equations 15 and 16 are augmented by equations 11 
and 13 in order to evaluate the gas density P g and 
superficial gas velocity v. The internal gas pressure P is 
assumed to vary linearly across the arrester. 

The boundary condition at x = 0 is specified by setting 
the gas temperature Tg and solid temperature T. equal 
to the combustion temperature Tf of CH4-air mixture until 
a gas pressure relaxation time 1" has elapsed, such that 
the pressure differential across the arrester vanishes. For 
time t greater than 1", an adiabatic condition is imposed at 
x = 0 on both Tg and T •. These conditions are expressed 
as 

(27) 

8Tgi 8Tsl 
-- =-- =Ot>1"' 8x x=O 8x x=O ' 

(28) 

At the exterior surface of the arrester, at x = R.., the 
primary mode of heat loss is through radiation to the 
ambient environment at temperature To( = 288 K). This 
particular choice of To represents only one possible mine 
environment temperature. The radiative exchange is 



moderated by an emissivity eg for the gas and e. for the 
solid. At x = .e, the boundary condition for the gas 
temperature Tg is 

and for the solid, 

Initially, the arrester is at ambient temperature To in 
the absence of a pressure differential. The increase in gas 
pressure P within the enclosure following the explosion is 
approximated as a linear rise over a small fraction of the 
time T, followed by a linear decrease until T has elapsed. 

As discussed above, the competing thermal effects in 
equations 15 and 16 result in a wide variation in the time 
constants that are associated with the various modes of 
heat transport. This requires detailed computations so as 
not to obscure the physical processes. As part of the com
putational procedure, a fInite difference representation of 
the partial differential equation was developed. Because 
of the possibility of steep spatial gradients in the gas 
temperature Tg and solid temperature T., a fIne spatial 
mesh is required near the flame arrester exit. One 
approach is the application of a fme spatial mesh across 
the entire arrester. However, this approach can be com
putationally expensive. A second approach is to develop 
the fmite difference equations over a nonuniform grid. 
This approach, while computationally less costly than a 
fInely resolved uniform mesh, is fIrst-order accurate 
compared with the second-order accuracy of the uniform 
spatial mesh. A third approach, which maintains the 
second-order spatial accuracy, yet provides more detailed 
information in spatial regions where the temperature gra
dient is steep, is an exponentiaJ. coordinate tr~sfonua~ 
tion (13). This approach requires a transformation of the 
transport equations; Although the transformed equations 
are more complex, they are solvable in a regular mesh 
with constant grid spacing. This approach is the one 
selected for utilization of the model in this section. 

An application of the exponential stretch coordinate 
transformation provides the user with a choice of defIDing 
in which region the grid has the fmer resolution. In this 
application, the steepest temperature gradient occurs at 
the arrester exit, at x = .e. Consequently, the transfor
mation is written in the following form: 

(31) 

9 

where the transformed spatial coordinate s = (I - 1)~s for 
spatial node index I (I = 1,2, ... , N), N is the total number 
of spatial nodes, and ~s is the grid spacing in the regular 
mesh defmed by the variable s. For selected values of N 
and ~s, {3, the scaling parameter in the coordinate trans
formation, equation 31, is determined. 

(32) 

where Sl transformed spatial coordinate at Nth node 
(N - 1)~s. 

Equations 15 and 16 are transformed by equation 31 
and an application of the chain rule for partial 
differentiation. 

(33) 

(34) 

The derivative boundary conditions in equation 28 are 
similarly transformed. On the enclosure side of the 
arrester, 

8Tgi 8Tsl as s=o = as s=o = 0, 
t>T. (35) 

The temperature boundary conditions at the arrester 
exit, as expressed by equations 29 and 30, are recast in the 
transformed coordinate system. 

at s = Sl. 

The transformed equations, 33 through 37, are rep
resented by an implicit fInite difference scheme. A cen
tral, spatial fInite difference representation is used for 
evaluation of the partial derivatives with respect to 
transformed coordinate s, except for the convective term, 
for which an upwind difference scheme is used. The 
resultant coupled, nonlinear algebraic equations are solved 
with the Thomas algorithm (10) at time t. 
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The transformed model equations, 33 through 37, 
were used to sim~late the temperature evolution in a 
1.27-cm-thick RETIMET flame arrester across which 
a maximum gas pressure differential of 3.47 psig is 
established. This pressure is characteristic of a test per
formed at the Pittsburgh Research Center. The combus
tion gas pressure is assumed to increase to a maximum 
over a 4O-ms period and subsequently decay to atmos
pheric pressure 400 ms after the combustion initiation. 
The combustion temperature T t is assigned a value of 
1,840 K, characteristic of 6.8% CH4-air combustion. 

In order to adequately explore the effect of the gas
solid heat transfer coefficient h, two sets of computations 
were undertaken. The ftrst set of computations was for 
heat transfer to spherical elements, and the second set was 
for heat transfer to cylindrical elements. Equations 21 and 
22 derme the respective heat transfer coefflcients. An 
element is understood in this application to be the basic 
repetitive geometric structure from which the arrester is 
formed. 

A gas emissivity eg of 0.2 and solid emissivity e. of 1.0 
were used in the external surface boundary conditions, 
equations 36 and 37. For both cylindrical and spherical 
elements, calculations were made with the model equa
tions for element diameters D between 2 and 2,000 p,m. 
For spherical elements, the calculated maximum gas tem
perature Tg and solid temperature T. and time t of occur
rence at the arrester exit are shown in table 6. Table 7 
shows the results of similar calculations for an arrester 
composed of cylindrical elements. 

Table 6.-Calculated maximum gas temperature T, 
and solid temperature T. at arrester exit 

for sperical elements 

D,f.'m Gas Solid 

T~, K t, ms T., K t, ms 

2 ..... 1,190 400 1,190 400 
20 .... 1,120 400 1,120 400 
200 ... 1,030 360 1,000 390 
2,000 .. 1,070 280 860 380 

Table 7.-Calculated maximum gas temperature Til 
and solid temperature T. at arrester exit 

for cylindrical elements 

D,f.'m Gas Solid 

T§, K t, ms T., K t, ms 

2 ..... 1,150 400 1,150 400 
20 .... 1,080 380 1,070 400 
200 ... 1,040 340 970 390 
2,000 .. 1,120 270 840 380 

The one-dimensional model with gas temperature Tg 
and solid temperature T. in local thermal equilibrium 

predicted, for tIle initial gas pressure and its associated 
decay time, that a maximum temperature of 1,183 K would 
occur on the arrester external surface after 1.1 s has 
elapsed. This temperature is in close agreement with the 
result in table 6 for a 2-p,m-diameter spherical element. 
As equations 21 and 22 demonstrate, the smaller the ele
ment diameter D, the larger the gas-solid heat transfer 
coefficient h. Localized thermal equilibrium of the gas 
and solid is equivalent to an infmitely fast heat transfer 
rate. 

Two inferences arise from a comparison of the results 
in tables 6 and 7. One is that the maximum gas temper
ature Tg and solid temperature T. occur at, or slightly 
earlier than, the time for expulsion of the hot gas. The 
second inference is that the larger gas-solid heat transfer 
coefficient h associated with the spherical elements results 
in maximum T., which is only slightly higher than those 
associated with cylindrical elements. 

Figure 4 shows the evolution of the gas temperature Tg 
and solid temperature T. of the arrester external surface 
for a. gas-solid heat transfer coefficient h dermed for 
200-p,m-diameter cylindrical elements. Tg and T. increase 
and decrease at approximately the same rate. Thermal 
energy is transferred from the gas to the solid during the 
expulsion of the hot gas. After that process is completed, 
the solid cools less rapidly than the gas at the external 
surface of the arrester because the thermal storage capac
ity of the arrester solid matrix is greater than the gas 
thermal storage capacity. 

The results in tables 6 and 7 show that, although the 
gas-solid heat transfer coefficient h increases monot
onically with decreasing element diameter D as shown by 
equations 21 and 22, the maximum gas temperature Tg 
does not vary monotonically with D. If the results in 
tables 6 and 7 are extended to the case of very inefficient 
gas-solid heat transfer from the gas to the solid mesh, 
which is simulated by the complete absence of convective 
heat transfer from the gas to the solid elements, T g was 
shown to achieve a maximum value of 1,820 K simultane
ously with the maximum value of gas pressure P at 40 ms. 
This temperature is only slightly less than the flame tem
perature T t of 1,840 K. A slight increase in convective h 
to 104 cal·cm-2·s-1.K-l resulted in a reduction in maxi
mum T g at the arrester external surface to 1,800 K at 
40 ms and an increase in the maximum solid tempera
ture T. to 322 K at 400 ms. In each case, the energy loss 
at the arrester external surface is through radiation, which 
is the primary source of nonlinearity in the heat transport 
processes. These results indicate that an optimum gas
solid heat transfer is achievable, which would minimize 
maximum Tg and T. at the arrester exit. This is an impor
tant consideration for arrester design. 
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Figure 4.-Gas temperature Tg and solid temperature T. at arrester exit over 1,OOO-ms period. 

Further exploration with this model requires more 
detailed information regarding the internal structure of an 
arrester than is currently available. It is a viable model for 
arrester structure design provided the internal gas-solid 
heat transfer coefficient h can be defined. Without this 
information, it is reasonable to assume that the gas and 

solid are in local thermal equilibrium. An important con
sideration that has yet .to be addressed is the heat loss 
from the arrester to the enclosure wall in which it is 
mounted. This heat transport process is accounted for by 
the development of a three-dimensional model in the 
following section. 

THREE-DIMENSIONAL TRANSIENT THERMAL MODEL 

The significant advantage of a three-dimensional ther
mal model is the capability to analyze the importance of 
lateral heat loss from the arrester into the wall in which 
it is mounted. This heat transport loss is of increased 
importance for small vent areas. It is assumed that the 
gas-solid convective heat transfer internal to the arrester 
mesh is rapid, and consequently, the gas and solid matrix 
are in local thermal equilibrium. As discussed previously 
in the "One-Dimensional Transients Thermal Models" 
section, this is a reasonable assumption for small-diameter 
mesh elements for which the gas-solid heat transfer rate 
is large. 

The flame arrester is represented as a rectangular 
parallel piped in a three-dimensional coordinate system 
as shown in figure 5, with dimensions denoted by L, W, 
and H. The direction of gas flow is in x direction nor
mal to y-z plane. In analogy to equation 10, the time
dependent thermal transport equation is a partial dif
ferential equation for the temperature T. 

(38) 

The boundary condition at x = ° and x = L are the 
same as applied to equation 10. 

At the arrester contact with the wall, isothermal 
boundary conditions are imposed. 

T(x, 0, z) == T(x, W, z) == Tw , (39) 

for ° < z < H, ° < x < L 

T(x,y,O) = T(x,y,H) = Tw , (40) 

for ° < y < W, ° < x < L, 

where Tw is the wall temperature, which is assumed con
stant at 288 K for the calculations presented in this 
section. 
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Figure 5.-Schematlc of three-dimensional flame arrester. 

In the absence of an explicit gas-solid heat transfer 
mechanism, the dominant rate-controlling mechanism is 
the convective heat transfer through the arrester defmed 
by the time constant T 2' The wide variation in the thermal 
time constants in the one-dimensional model with distinct 
gas and solid temperatures resulted in steep temperature 
gradients that required the implementation of an ex
ponential stretched coordinate system. The numerical 
method for solving the model equation in this section, 
equation 38, is based upon a simpler computational 
algorithm. The implicit, central in space scheme used for 
the one-dimensional transient thermal model was expand
ed to three spatial dimensions. An iterative solution of 

the fmite difference equations and the boundary condi
tions is developed over a small time increment to establish 
the time evolution of the temperature. Within a single 
iteration, the implicit in time, central in space fmite dif
ference representation of equation 38 is solved with the 
Thomas algorithm (10). The numerical procedure is listed 
as a FORTRAN computer program in appendix B. 

The venting conditions described by the data in table 4 
for a vent-area-to-enc1osure-volume ratio of 28 in2·ft-3 

were modeled with the three-dimensional code. For this 
particular application, the surface width and breadth were 
1.625 and 8.75 in, respectively. Geometric and physical 
symmetry of the arrester permits analysis of a quarter 
section of the arrester to provide a temperature history of 
the entire arrester. In the nomenclature of figure 5, the 
quarter section is defmed by 

0< y < 0.5W, (41) 

0< z < 0.5H, (42) 

for 0 < x < L. 

Along the two internal sides 'of the quarter section, heat 
flow is absent because of symmetry. This is expressed as 
the following boundary condition: 

aT = 0, 0 < x < L, y = 0.5W,0 < z < 0.5H, (43) 
ay 

aT = 0, 0 < x < L,O < Y < 0.5W, Z = 0.5H. (44) az ' 

The flame temperature Tf was assigned the value of 
the maximum inside surface temperature of the arrester, 
1,274 K (1,0010 C). A gas pressure relaxation time r of 
300 ms was assigned to the initial pressure differential 
of 0.37 psig. The outside surface temperature of the 
arrester at the geometric center of the arrester is shown 
in figure 6 over a 70-s period subsequent to the initia
tion of CH4-air explosion. Shown for comparison is the 
outside surface temperature of the arrester for the one
dimensional model. As expected, the three-dimensional 
model prediction shows a slightly steeper temperature 
decrease than the one-dimensional model prediction. This 
is expected because of the lateral conductive heat loss in 
the three-dimensional model. For the three-dimensional 
model, the predicted maximum temperature of the arrester 
has a value of 2490 C and occurs after 20 s has elapsed. 
This temperature is in moderate agreement with the meas
ured value of 1940 C reported in table 4, and exhibits a 
slightly better comparison than the value of 2750 C deter
mined from the one-dimensional model. The maximum 
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Figure S.-Outside surface temperature of arrester for O.37-psig overpressure that decays over 
300-ms period and combustion temperature Tt of 1,001· C for one- and three-dimensional models. 

outside surface temperature of the arrester occurs con
siderably later than the time required for expulsjon of the 
hot gas. This time lag represents the time required for the 
thermal wave to traverse the arrester. In each cas~, the 
temperature decay of the arrester surface temperature is 
a slow process. Although the external surface temperature 
of the arrester is less than the ignition temperature for a 
combustible CH4-air mixture (6050 C), it is adequate to 
ignite coal dusts. The ignition time for a coal dust layer 
can require several minutes duration (9, p. 54). In view of 
the long thermal decay time of the arrester, this represents 
a potential hazard if coal dust settles on the arrester 
surface following the expulsion of the hot product gases 
and there is inadequate lateral heat loss to the enclosure 
walls. 

Figure 7 shows the predicted temperature at nine 
discrete locations in a symmetric quarter section of the 
arrester after 20 s has elapsed. As expected, there is a 
temperature gradient across the arrester surface toward 
the wall support, which is at 150 C. In the lower left 
corner of the quadrant shown in figure 7, at a location 
0.34 em in y direction and 1.85 em in x direction from the 
edges, the arrester surface temperature is 920 C. 

Although information was not available with regard to 
the vent linear dimensions, width and length, for the three 
additional cases reported in table 4, an attempt to approx
imate the case in table 4 corresponding to the greatest 
maximum gas pressure P of the four cases was undertaken. 

This case represents a vent-area-to-enclosure-volume ratio 
of 12 in2·ft-3• The maximum gas pressure differential is 
1.3 psig and the maximum inside surface temperature of 
the arrester is 1,411 K (1,1380 C). It was assumed that 
one of the linear dimensions remained at 1.625 in, and 
consequently, the other linear cross-sectional dimension 
was decreased to 3.7 in. In contrast to the above case, the 
maximum temperature of the arrester outside surface 
increased to 5380 C, but occurred at the earlier time t of 
8 s. The predicted maximum temperature of 5380 C is in 
only slightly closer agreement with the measured value of 
3580 C (shown in table 4) than the value of 5510 C pre
dicted by the one-dimensional model. The time evolution 
of the outside surface temperature of the arrester at 
the geometric center is shown in figure 8. A comparison 
with the case presented in figure 6 for the vent-area-to
enclosure-volume ratio of 28 in2·ft-3 shows a similar 
pattern to the temperature rise and decay. 

The predicted maximum outside surface temperature 
of the arrester with the three-dimension&! model for the 
12 and 28 in2·ft-3 vent-area-to-enclosure-volume ratios are 
in closer agreement with the measured results than the 
results from the one-dimensional model. Table 8 shows 
a comparison of the predicted maximum outside surface 
temperature of the arrester based upon the one- and 
three-dimensional transient heat transport models, along 
with the measured values. The somewhat closer agree
ment of the maximum surface temperature predicted by 

i 
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Figure a.-Outside surface temperature of arrester for 1.3-pslg overpressure that decays 
over 300-ms period and combustion temperature Tf of 1,001' C. 

the three-dimensional model with the measured maximum 
temperature of the three-dimensional model is attribut
able to the lateral heat loss from the arrester edge to the 
isothermal wall. There is a degree of uncertainty inherent 
in this analysis because of the lack of information regard
ing the actual linear dimensions of the arrester surface for 
the vent-area-to-enc1osure-volume ratio of 12 in2·ft-3. The 
predicted maximum temperature averaged over the arrest
er outside surface would be lower than the values reported 
in table 8 for the three-dimensional model as a conse
quence of the temperature gradient over the surface. 

Table a.-Measured and predicted maximum 
outside surface temperatures T, degree 
Celsius, of RETIMET flame arrester for 
vent-area-to-enclosure-volume (A/V) 

ratios between 12 and 28 In"'ft-3 

A/V, In2·ft-3· Measured 

12 358 
28 ...... 194 

1-D model 

551 
275 

3-D model 

538 
249 
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CONCLUSIONS 

Several thermal models of a flame arrester were de
veloped, based upon the principles of heat transfer, that 
can be used to predict the maximum temperature a flame 
arrester can achieve when hot combustion gases are 
expelled through the arrester. The simplest model is a 
thermal equilibrium model. This model is an adiabatic 
model that provides a prediction of the maximum tem
perature the arrester can achieve, with or without metal 
screens present to extract heat from the expelled gases. 

A more realistic representation of the maximum tem
perature a flame arrester can achieve was obtained from 
several transient heat transport models. These models 
were one- and three-dimensional transient models that 
include conductive, convective, and radiative heat transfer. 
The temperature evolution throughout the arrester was 
modeled. For the one-dimensional model with gas and 
arrester metal foam in local thermal equilibrium, the 
predicted maximum outside surface temperature of a 
RETIMET flame arrester showed an approximate agree
ment with the measured values for vent-area-to-enclosure
volume ratios between 12 and 28 in2·ft-3. The significance 

of radiative cooling was demonstrated. Extension of this 
model to three spatial dimensions included lateral heat 
loss across the arrester to the enclosure wall. An appli
cation of this model to a RETIMET flame arrester with a 
vent-area-to-enclosure-volume ratio of 28 in2·ft-3 showed 
a slightly more favorable comparison than did the one
dimensional prediction. 

The one-dimensional model was further extended to 
distinguish gas temperature T g and arrester metal foam 
temperature. This model is based upon a ftnite linear heat 
transfer rate between the gas and the arrester. It was 
demonstrated that there exists an optimum choice for the 
gas-solid heat transfer coefficient h that minimizes maxi- . 
mum gas temperature Tg and solid temperature T. at the 
arrester exit. Currently, there is not sufficient information 
to precisely deftne h. 

Each of these models can be used in the evaluation 
of the performance of existing flame arresters and in a 
parametric study that would support the design of a more 
efficient flame arrester. 
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APPENDIX A.-NOMENCLATURE 

cross-sectional area of arrester, cm2 

ratio of mk to mCH for species k (k CO2, 4 
H20, and O2), 1 

cross-sectional area of screen, cm2 

constant pressure specific heat of gas, 
cal'g-1'K1 

constant pressure specific heat of arrester, 
cal'g-l'Kl 

constant pressure specific heat of screen, 
cal'g-1'K1 

constant volume specific heat of gas for spe-
cies k (k = CO2, H 20, and air), cal'g-l'Kl 

element diameter, cm 
wire diameter of screen, cm 
emissivity, 1 
gas emissivity, 1 
solid emissivity, 1 
CH4-air mass fraction, 1 
length ill z direction of three-dimensional 
arrester, cm 

gas-solid heat transfer coefficient, 
cal-cm-2's-1'K1 

coefficient in gas-solid heat transport 
equation, S-l 

coefficient in solid heat transport equation, S-l 

index for spatial node, 1 
length in x direction for three-dimensional 
arrester, cm 

arrester thickness, cm 
separation distance of screen wire, cm 
arrester mass, cm 
air mass, cm 
CH4 mass, g 
CO2 mass, g 
H20 mass, g 
O2 mass, g 
species k mass, g 
screen mass, g 
number of spatial nodes, 1 
number of screens, 1 
gas pressure, dyn'cm-2 

gas pressure of external environment, psig 
gas pressure in enclosure, psig 
Prandtl number, 1 
Reynolds number, 1 
molar gas constant, 8.3143 X 107 erg·mol-l·Kl 
transformed spatial coordinate, 1 

W. 
WCH 

W
4 

g 

X, y, z 
ex 

(3 

(30 

transformed spatial coordinate, at Nth node, 1 
arrester-internal-surface-to-volume ratio, 
cm2'cm-3 

temperature, K 
gas temperature, K 
solid temperature, K 
time, s 
flame or combustion temperature, K 
ambient temperature, K 
wall temperature, K 
equilibrium temperature, K 
enclosure volume, cm3 

superficial gas velocity, cm·s-l 

length in y direction of three-dimensional 
arrester, cm 

air molecular weight, g'mol-1 

CH4 molecular weight, g'mol-1 
gas molecular weight, g'mol-l 
linear dimensions, cm 
thermal diffusivity in gas-solid heat transport 
equation, cm2's-1 

thermal diffusivity in solid heat transport 
equation, cm2's-1 

thermal diffusivity in energy transport equa
tion, cm2's-1 

scaling parameter in coordinate transformation, 
cm 

parameter in energy transport equation, 
cm3·Kl·cal-1 

constant volume heat of combustion, kcal·g-1 

grid spacing in transformed mesh, 1 
arrester porosity, 1 
screen porosity, 1 
gas thermal conductivity, cal'cm-l's-l'Kl 
arrester thermal conductivity, cal·cm-l·s-l·Kl 
dynamic gas viscosity, g·cm-l·s-1 

gas density, g'cm-3 

arrester bulk density, g'cm-3 

Stefan-Boltzmann constant, 1.3551 x 10-12 

cal'cm-2's-1'K4 
screen bulk density, g'cm-3 

gas pressure relaxation time, s 
time constant for gas-solid heat transfer, s 
time constant for convective heat transfer, s 
time constant for solid conduction, s 
time constant for gas conduction, s 
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APPENDIX B.-COMPUTER PROGRAM 

DISCLAIMER OF LIABILITY 

The U.S. Bureau of Mines expressly declares that there 
are no warranties expressed or implied that apply to 
the software described herein. By acceptance and use 
of said software, which is conveyed to the user without 

INCLUDE 'SUPPRSD.COM' 
LP=6 
MAX = 1700 
MOP=2S 
EPS = 1.0E-OS 
CALL INIT 
CALL PRES 
TMAX=TO 
JPP=-l 
KPP=-l 
NCTX=O 
TYMX-O. 
TIME=O. 
BETA=DT /DX/DX 
BETB=DT/DY/DY 
BETC=DT/DZ/DZ 
GAMA=DT /2.jDX 
NCT=O 
IFLAG=O 
CALL OUTPT 

1000 CONTINUE 
IF(NCT.GT.600AND.IFLAG.EQ.0) THEN 

DT=O.l 
BETA = DT/DX/DX 
BETB =DT /DY /DY 
BETC=DT/DZ/DZ 
GAMA=DT /2./DX 

C MOP=SO 
IFLAG=l 

ENDIF 
IF(NCT.GT.800) THEN 

DT=O.l 
BETA=DT/DX/DX 
BETB =DT /DY /DY 
BETC= DT/DZ/DZ 
GAMA=DT /2./DX 
MOP=100 

ENDIF 
NCT=NCT+1 
MCT=O 

1200 CONTINUE 
MCT=MCT+1 
CALL PRES 
DO 50 J=2, M1 

consideration by the Bureau of Mines, the user hereof 
expressly waives any and all claims for damage and/or 
suits for or by reason of personal injury, or property 
damage, including special, consequential, or other similar 
damages arising out of or in any way connected with the 
use of the software described herein. 

,! ; 

I', 

I 
;I 



I 

I. 
I' 

, i 

18 

DO 60 K=2, Ll 
CALL COEF(J,K) 
CALL COEFP(J,K) 
CALL ALG(J,K) 

60 CONTINUE 
50 CONTINUE 

CALLBNDY 
IF(MCT.LT.7) GO TO 1200 
TEST=O. 
DO 100 I=l,N 
DO 120 J=l,M 
DO 140 K=l,L 
TESTl = ABS(TN(I,J,K)-TX(I,J,K» 
IF(TEST1.GT.TEST) THEN 

IX=I 
JX=J 
KX=K 
TEST=TESTl 

ENDIF 
TX(I,J,K) = TN(I,J,K) 

140 CONTINUE 
120 CONTINUE 
100 CONTINUE 

IF(MCT.GT.195) WRITE(LP,990) NCT,MCT,IX,JX,~,TEST, 
1 TN(IX,JX,KX) 

990 FORMAT(/4X,'NCT,MCT,IX,JX,KX,TEST,TN:',5(2X,I4),2(2X,E12.5» 
IF(MCT.EQ.200) CALL OUTPT 
IF(MCT.EQ.200) STOP 'NONCONVERGENCE' 
IF(TEST.GT.EPS) GO TO 1200 
IF(MOD(NCT,MOP).EQ.O) CALL OUTPT 
DO 600 I=l,N 
DO 620 J=l,M 
DO 640 K=l,L 
T(I,J,K) =TN(I,J,K) 
TX(I,J,K) =TN(I,J,K) 

640 CONTINUE 
620 CONTINUE 
600 CONTINUE 

TIME=TIME+ DT 
DO 210 J=l,M 
DO 220 K=l,L 
IF(TN(N,J,K).GT.TMAX) THEN 

TMAX= TN(N,J,K) 
NCTX=NCT 
TYMX=TIME 
JPP=J 
KPP=K 

ENDIF 
220 CONTINUE 
210 CONTINUE 

IF(MOD(NCT,MOP).EQ.O) WRITE(LP,6000) NCTX,TYMX,TMAX,JPP,KPP 
IF(NCT.EQ.MAX) THEN 

WRITE(LP,6000) NCTX,TYMX,TMAX,JPP,KPP 
STOP 

ENDIF 



C IF(TIME.LT.4.0*TAU) GO TO 1000 
IF(TIME.LT.1.0E+05) GO TO 1000 

6000 FORMAT(/4X,'NCTX,TYMX,TMAX,JPP,KPP:',2X,I5,2(2X,E12.5) 
1/4X,2(2X,I5)/) 
CALLOUTPT 
STOP 
END 
SUBROUTINE PRES 
INCLUDE 'SUPPRSD.COM' 
PWR=1./1.7 
P(N)=Pl 
P(l) = FCNl(TIME) 
P(N) = FCN2(TIME) 
DO 100I=1,N 
DO 125 J=l,M 
DO 150 K=l,L 
X=FLOAT(I-l)*DX 
P(I) =P(l) + (P(N)-P(l»/H*X 
RHO(I,J,K) = WM/RT*P(I)/T(I,J,K) 
PRS = «P(l)-P(N»/PO) *1000. ' 
U(I,J,K) =0. 
IF(TIME.LT.TAU) U(I,J,K) = (PRS* 1.0/H/0.298)* *PWR 

C U(I,J,K) =0. 
C U(I,J,K)=U(I,J,K)*TN(I,J,K)/TO 

U(I,J,K) = U(I,J,K) *100. 
W(I,J,K) = U(I,J,K)/POR 
V(I,J,K)=RHO(I,J,K)*CPG*U(I,J,K)/(POR*RHO(I,J,K)*CPG+(l.-POR) 

1 *RHOS*CPS) 
ALPHA(I,J,K) = XLO*T(I,J,K)/(POR*RHO(I,J,K) *CPG + (1.-POR)*RH OS 

1 *CPS) 
150 CONTINUE 
125 CONTINUE 
100 CONTINUE 

RETURN 
END 
SUBROUTINE BNDY 
INCLUDE 'SUPPRSD.COM' 
DO 20 J=2,Ml 
DO 40 K=2,Ll 
TN(l,J,K)=TF 
IF(TIME.GT.TAU) TN(1,J,K)=TN(2,J,K) 

C TN(N)=TN(N-l) 
Z=TN(N,J,K) 
DO 100 NML=1,5 
F=Z**4-XLO/SIG/DX*T(N-l,J,K)*(TN(N-l,J,K)-Z)-TO**4 
DF=4.*Z**3+XLO/SIG/DX*T(N-l,J,K) 
Z=Z-F/DF 

100 CONTINUE 
TN(N,J,K)=Z 

40 CONTINUE 
20 CONTINUE 

DO 500 K=l,L 
DO 550I=1,N 
TN(I,l,K) = FCT*Tl + (1.-FCT)*TN(I,2,K) 

C TN(I,M,K) =FCT*Tl + (l.-FCT)*TN(I,M-l,K) 
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TN(I,M,K) = TN(I,M-1,K) 
550 CONTINUE 
500 CONTINUE 

DO 600 J=l,M 
DO 650I=1,N 
TN(I,J,l) =PCT*T1 + (1.-PCT)*TN(I,J,2) 

C TN(I,J,L) =PCT*T1 + (1.-PCT)*TN(I,J,L-1) 
TN(I,J,L) =TN(I,J,L-1) 

650 CONTINUE 
600 CONTINUE 

RETURN 
END 
SUBROUTINE INIT 
INCLUDE 'SUPPRSD.COM' 
PCT=l. 
H=1.27 
D1=6. 
D2=6. 
D1=8.75 

C D1=3.7 
D2=1.625 
D1=D1*2.54 
D2=D2*2.54 
N=101 
N1=N-1 
N2=N-2 
N3=N-3 
M=15 
MA= (1 + M)/2. 
M=MA-1 
M1=M-1 
M2=M-2 
M3=M-3 
L=15 
LA=(1+L)/2. 
L=LA-1 
L1=L-1 
L2=L-2 
L3=L-3 
INC = 10 
DX=H/PLOAT(N-1) 
DY=0.5*D1/PLOAT(M1) 
DZ=0.5*D2/PLOAT(Ll) 
CPS =0.158 
CPG=0.31 
SIG = 1.355E-12 
RHOS=9. 
PO = 1.01325E + 06 
PM1=4.13 
PM2=1.44 
PM1=0.37 

C PM1=1.3 
PM2=0. 
PMAX1=PO*(1.+PM1/14.7) 
PMAX2=PO*(1. + PM2/14.7) 



TAU = 0.3 
TAUl = 0.03 
DT=TAU/400· 
Pl=PO 
TO = 288. 
Tl=TO 
WM=29. 
RT=8.31451E+07 
RHOO = WM/RT*PO/TO 
TF=1274. 

C TF=1411. 
POR = 0.95 
XLO = 2.39E-06 
WRITE(LP,25) N,DX,H,POR,CPG,CPS,RHOS 

25 FORMAT(/4X,'N,DX,H,POR,CPG,CPS,RHOS:',2X.I4 
1,6(2X,E12.5) I) 
WRITE(LP,35) N,M,L,DX,DY,DZ,H,Dl,D2 

35 FORMAT(/4X,'N,M,L,DX,DY,DZ,H,Dl,D2:' I 
14X,3(2X,I5),6(2X,E12.5) I) 
WRITE(LP,50) PM1,PM2,TAU,PO,TO,TF,RHOO,XLO 

50 FORMAT(/4X,'PM1,PM2,TAU,PO,TO,TF,RHOO,XLO:' I 
18(2X,E12.5) I) 
WRITE(LP,75) FCT 

75 FORMAT(/4X,'FCT=',2X,E12.5/4X,'FCT=0: ADIABATIC'I 
14X,'FCT=1 : ISOTHERMAL'/) 
DO 100 I=l,N 
DO 200 J=l,M 
DO 300 K=l,L 
TN(I,J,K) =TO 
T(I,J,K) = TO 
TX(I,J,K) = TO 
RHO(I,J,K) = RHOO 

300 CONTINUE 
200 CONTINUE 
100 CONTINUE 

RETURN 
END 
SUBROUTINE COEF(JJ,KK) 
INCLUDE 'SUPPRSD.COM' 
J=JJ 
K=KK 
B(l) = (1. + 2.*ALPHA(2,J,K) * (BETA + BETB+ BETC» 
C(l) = (V(2,J,K) *GAMA-ALPHA(2,J,K) * (BETA » 
D(l) =T(2,J,K) + (V(2,J,K)*GAMA+ALPHA(2,J,K)*BETA)*TN(1,J,K) 

1 +ALPHA(2,J,K) * (BETB * (TN(2,J +l,K) +TN(2,J-l,K» 
2 + BETC*)TN(2,J,K + 1) +TN(2,J,K-l») 
DO 100 1= 3,N2 
A(I-l)=-(V(I,J,K)*GAMA+ALPHA(I,J,K)*BETA) 
B(I -1) = 1. + 2. * ALPHA(I,J,K) * (BETA + BETB + BETC) 
C(I-l) = V(I,J,K) *GAMA-ALPHA(I,J,K) *BETA 
D(I-l)=T(I,J,K) 

1 +ALPHA(I,J,K) *BETB * (TN(I,J + 1,K)+TN(I,J-l,K» 
2 + ALPHA(I,J,K)*BETC*(TN(I,J,K + 1) +TN(I,J,K-l» 

100 CONTINUE 
A(N-2)=-(V(N-l,J,K)*GAMA+ALPHA(N-l,J,K)*BETA) 

21 
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B(N-2) = 1. +2. '" ALPHA(N-l,J,K) "'BETA + BETB + BETC) 
D(N-2)=-(V(N-l,J,K)"'GAMA-ALPHA(N-l,J,K)"'BETA)"'TN(N,J,K) 

1 +T(N-l,J,K) +ALPHA(N-l,J,K) "'(BETB "'(TN(N-l,J +l,K) 
2 +TN(N-l,J-l,K»+BETC"'(TN(N-l,J,K+l)+TN(N-l,J,K-l») 
RETURN 
END 
SUBROUTINE COEFP(JJ,KK) 
INCLUDE 'SUPPRSD.COM' 
J=JJ 
K=KK 
CP(l) = C(l)/B(l) 
DP(l) =D(l)/B(l) 
DO 100 1= 1,N3 
CP(I + 1) =C(I + l)/(B(1 + l)-A(1 + l)*CP(I» 
DP(I + 1) = (D(I+ l)-A(1 + l)*DP(I»/(B(1 + l)-A(1 + l)*CP(I» 

100 CONTINUE 
RETURN 
END 
SUBROUTINE ALG(JJ,KK) 
INCLUDE 'SUPPRSD.COM' 
J=JJ 
K=KK 
TN(N-l,J,K) = DP(N-2) 
DO 100II=2,N2 
1=2+N2-II 
TN(I,J,K) = DP(I-l)-CP(I-l)*TN(1 + 1,J,K) 

100 CONTINUE 
RETURN 
END 
SUBROUTINE OUTPT 
INCLUDE 'SUPPRSD.COM' 
WRITE(LP,990) NCT,MCT,IX,JX,KX,TEST, 

1 TN(IX,JX,KX) 
990 FORMAT(/4X,'NCT,MCT,IX,JX,KX,TEST,TN:',5(2X,14),2(2X,E12.5» 

WRITE(LP,lOO) NCT,TIME,DT,TEST,P(l),P(N) 
100 FORMAT(/4X,'NCT,TIME,DT,TEST,P(1),P(N):',2X,16,5(2X,E12.5» 

WRITE(LP,200) 
200 FORMAT(/) 

C J=(1+M)/2 
C K=(1+L)/2 

MJ(l)=2 
MJ(3)=M-l 
MJ(2) = (1 + M)/2 
DO 500 JJ = 1,3 
J=MJ(JJ) 
DO 600 ILK = 1,3 
K=2 
IF(ILK.EQ.2) K=(1+L)/2 
IF(ILK.EQ.3) K=L-l 
WRITE(LP,550) J,K 

550 FORMAT(/4X,'J,K:',2(2X,15)/) 
WRITE(LP ,300) (TN(I,J,K),I = 1,N,INC) 

300 FORMAT(5(2X,E12.5» 
WRITE(LP,200) 
WRITE(LP,300) (U(I,J,K),I= 1,N,INC) 
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WRITE(LP,200) 
WRITE(LP,300) (RHO (I,J,K),I = 1,N,INC) 
WRITE(LP,200) 
WRITE(LP,300) (P(I),I= 1,N,INC) 
WRITE(LP,200) 
WRITE(LP,300) (V(I,J,K),I= 1,N,INC) 
WRITE(LP,200) 
WRITE(LP,300) (ALPHA(I,J,K),I = 1,N,INC) 
WRITE (LP,200) 
WRITE(LP,300) (TN(I,J,K),I= 1,10) 
WRITE(LP,200) 
WRITE(LP,300) (TN(I,J,K),I=N-l0,N) 
WRITE(LP,200) 
WRITE(LP,300) (U(I,J,K),1=1,10) 
WRITE(LP,200) 
WRITE(LP,300) (RHO (I,J,K),I= 1,10) 
WRITE(LP,200) 
WRITE(LP,300) (P(I),I= 1,10) 
WRITE (LP,200) 
WRITE(LP,300) (ALPHA(I,J,K),1=1,10) 
WRITE(LP,200) . 
WRITE(LP,300) (V(I,J,K),I = 1,10) 

600 CONTINUE 
500 CONTINUE 

RETURN 
END 
FUNCTION FCN1(X) 
INCLUDE 'SUPPRSD.COM' 
FCNl =PMAXl + (PO-PMAX1) /TAU*TIME 

C IF(TIME.LT.TAU1) FCN1=PMAX2+(PMAX1-PMAX2)/TAU*TIME 
C IF(TIME.GE.TAU1) FCNl= PMAXl + (PO-PMAX1)/(TAU-TAU1) * (TIME 
C 1 -TAU1) 

IF(FCN1.LT.PO) FCN1=PO 
RETURN 
END 
FUNCTION FCN2(X) 
INCLUDE 'SUPPRSD.COM' 
FCN2 =PMAX2+ (PO-PMAX2) /TAU*TIME 
IF(FCN2.LT.PO) FCN2=PO 
RETURN 
END 
IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
PARAMETER IA=501,JA=21,KA=21 
COMMON/FLAME1/LP,NCT,MCT,TIME,DT,H,Nl,N2,N3,N,DX,CPG, 

1 CPS,XLO,RHOO,RH01,PO,TO,Tl,TF,BETA,GAMA, 
2 PMAX1,PMAX2,MAX,MOP,INC,TAU,POR,Pl,RT,WM, 
3 RHOS,TEST,SIG,TAU1,TMAX,NCTX,TYMX,BETB,BETC, 
4 M,Ml,M2,M3,L,Ll,L2,L3,DY,DZ,IX,JX,KX,FCT 
COMMOM/FLAME2/T(IA,JA,KA),TN(IA,JA,KA),TX(IA,JA,KA),P(501), 

1 RHO (IA,JA,KA) ,U(IA,JA,KA),ALPHA(IA,JA,KA) , 
2 V(IA,JA,KA),A(501),B(501), 
3 C(501),D (501) ,CP(501),DP(501) ,W(IA,JA,KA) ,MJ(5) 
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