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2.0

P OSE

The objectives of this analysis are to determine if a fire in one cable tray stack, or a fire
involving defined transient combustibles are likely to ignite redundant safe shutdown
cables within the electrical tunnel entranceway, and to estimate the "access time"

provided in the upper penetration area in the event of these fires.

~ In order to establish alternate safe shutdowh capability at Indian Point 3 during a safe

shutdown fire in the entranceway to the electrical tunnels, a plant operator is required to
perform manual operations at the instrument isolation cabinets located in the upper-
penetration area. The upper penetration area and electrical tunnels are located within the
same fire area. It has been détermined that an operator may require access into the upper
penetration area, through the PAB, for up to 45 minutes after the initiation of the fire in

the cable tunnel entranceway should the fire involve redundant cable tray stacks.

Therefore the potential for a fire to involve redundant cable tfay stacks and/or the time to

untenability in the upper penetration area from a safe shutdown fire in the cable tunnel

entranceway must be estimated and compared to the required access time.

METHODOLOGY

Ignition of the redundant cable tray stack and time to untenability within the upper

electrical penetration area due to a fire in the entranceway to the electrical tunnels were
calculated using available fire protection engineering techniques and fire modeling
technology. The fire modeling techniques utilized were taken from two programs,
FPETOOLS, Version 3.01 and HAZARD 1,‘Version 1.1. Both of these progfams were
developed by the Center for Fire Research at the National Institute for Standards |
Technology. One subroutine within FPETOOLS "was utilized to develop the fire growth

curves. The FAST, Version 18.5, subroutine within Hazard 1 was used to generate the



3.0

smoke and hot gas layer information used to determine tenability limits within the upper

penetration area. Specific information on the routine used is presented in Attachment 1.

Ignition, or absence of ignition, of the caBle trays exposed by the fires was evaluated
using a point source approximation which is commonly acceptéd within the fire |
protéction engineering industry. In the evént that ignition of an exposed fuel package
occurred, the individual heat release rates are added beginning at that point in time, with

the heat release rate curvé of the exposed fuel package starting at time 0.

Two fire scenarios were modeled. The first fire scenario involved a two foot diameter
pool fire, limited to two gallons of lubricétion_ oil. The purpose of this scenario was to
determine if the pool fire would cause ignition of the redundant cable tray stacks located
on each side. of the electrical tunnel prior to the oil burn-out time. Run time for this
scenario was the oil burn-out time unless ignition of the cable tray stack occurred. The
second fire scenario involved the self ignition of one cable tray stack in the tunnel
entranceway. The purpose of this scenario was to determine if the burning tray stack
would cause a cross aisle ignition of the redundant cable tray stack. Run time for this
scenario was 45 minutes after ignition of the first cable tray stack. Conditions such as
HVAC, actuation of fire suppression systems, and fire brigade response were not
considered in this analysis because only the worst caSe scenario of a fire in the electrical

tunnel area was considered.

DESIGN INPUTS/ASSUMPTIONS

The following design inputs were used in this analysis.

3.1 Data on fire types and materials

3.1.1 2'ft. Diameter Pool Fire with cable tray exposure

2



@ lubrication oil - 2 gallons

@ heat of combustion - 20,400 BTU/Ib '

® mass loss rate = 0.039 kg/m? sec '

® pool located in middle of tunnel entranceway at base of stairs

@ pool fire ignites at time zero

@ cable tray ignition based on critical flux of 14 kW/m? and exposure time
calculations per reference 6.13 (lowest critical value of cable types
installed)

@ 35% of fire plume energy is lost due to radiation

@ separation of fuel packages = 24"

' Data obtained from reference 6.5, Table 2-1.2
(Note: the value used for analysis is not less than the values cited in the SFPE Handbook for
liquid hydrocarbons, is consistent with values in the IP-3 combustible loading study, and is’

conservative)

3.1.2  Cable Tray Fire with cable tray exposure

® Cable insulation !
3% PE/PVC
15% PE, PP/CI-S-PE
82% Silicone, asbestos category

@® scparation of fuel packages = 72"

35% of fire plume energy is lost due to radiation

@ ignition of redundant cable tray based on critical heat flux of 14 kW/m?
and calculation of exposure time per reference 6.13 (lowest critical
value of cable types installed)

[ cable tray stack ignites at time zero

@® heat of combustion = 14,000 BTU/Ib?
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@ heat release rate based on weighted average of

results from FMRC/EPRI teéts.

' Data obtained from NYPA '
2 Data obtained from reference 6.4, Figure 24, page 92.

* Conservative value consistent with IP-3 Combustible Loading Report

"Data on Tunnel and Penetration Area Configuration

For the purpose of this analysis the electrical tunnel and upper penetration area were

divided into six "rooms", there are no physical boundaries (walls) between the rooms.

| Figures 1 & 2 show how the areas were divided, and the dimensions used as input for the

FAST model. A brief description of the "room" designations is provided here.

Approximate dimensions are listed by length, width, and height respectively.
Room 1: Entranceway to the electrical tunnel from the Foreman wall to the point where
the division between the upper and lower electrical tunnels begin. This is the room in

which each fire is positioned. Room dimensions - 10 ft. x 10 ft. x 20 ft.

Room 2: Upper electrical tunnel from the start at the tbp of the stairs to the point which

- the tunnel turns north. Room dimensions - 20 ft. x 10 ft. x 10 ft.

Room 3: Section of the upper electrical tunnel from the point which the tunnnel turns

north. Room dimensions - 80 ft. x 8 ft. x 10 ft.

Room 4: Section of the upper electrical tunnel. Room dimensions - 32 ft. x 8 ft. x 10 ft.

Room 5: Section of upper electrical tunnel to the point where the upper electrical

penetration area starts. Room dimensions - 35 ft. x 8 ft. x 15.5 ft.

4.



‘ Room 6: Upper Electrical Penetration area. This is the room which the operator must

enter and perform manual safe shutdown operatibns. Room dimensions - 87 ft. x 18 ft.

x 17 ft.

33 Definition of Untenability

For the purpose of this analysis untenability in the electrical penetration area ( Room 6)

shall be defined as:

[ ] Temperature of upper or lower gas layer of greater than 140°F (333K).
or ‘

o O, lower than 17%

or

_ ‘ [ CO, greater than 10%
' o ‘or '
@ CO greater than 35,000 ppm

These values are taken from reference 6.6, Section 3, Chapter 1,

"Combustion Products and Their Effects on Life Safety."
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Figure 1

Area Plan View - As seen’by computer model
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Figure 2 -
Area Elevation View - As seen by computer model
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Figure 3

Section View - A-A
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@ ¢ caLcuLATION

The folloWing pages contain the fire scenario calculations and the input and output from
the FAST subroutine of the HAZARD 1 computer prografn. The information is arranged

in the following order:

4.1 2 ft. diameter pool fire
4.2  Cable tray fire

In addition to the tabular printout from the FAST subroutine, the depth of the upper gas
layer, and temperéiture of the upper and lower gas layers are presented in graphical form.
The thin bold line indicates upper gas layer depth, the thick bold line indicates upper gas ‘

layer temperature, and the broken line indicates lower gas layer temperature.



41 2 iameter Pool Fir

4.1 1 Calculation of 2 ft. Pool Fire Duration

-v Calculation of area of pool (ft’)
A =nd¥/4
=3.14 (2 f)/4
=3.14 ft?

Calculation of mass loss rate in kg/sec

3.14 12(0.0929 m%ft?) = 0.2917 m?
0.039 kg/m?* sec (0.2917m?) = 0.0114 kg/sec

Amount of fuel - 2 gallons

convert gallons to ft?

2.0 gal [

1 3
9—33%£] = 0.2674 f°

convert ft? to m?

0.02832 m*
0.2674 ﬁ’[—ﬁ]—'m] = 0.007573 m®

10



\

convert m’ to kg

760 kg
— ]
m

0.007573 m’[ = 5.7555 kg

MASS
MASS LOSS RATE

FireDuration=

5.7555kg
0.0144kg/sec

| =399.7

4._1 .2 Potential for Ignition of Redundant Cable Tray Stacks By Pool fire

Using the input detailed in Section 3.1.1, a heat release rate history for the 2 ft. .
diameter pool fire was developed. The impact of the pool fire on the redundant
cable trays was assessed by approximating the pool ﬁre as a point source and
calculating the incident energy or flux (kW/m?) received by the redundant cable
trays. The incident flux received by the cable trays is calculated to be a constant
15.199 kW/m? for the duration of the pooi fire. At this energy level, an exposure
duration of 648 seconds is required before piloted ignition could occur. See
Attachment 1 for details on these calculations. The calculations in Section 4.1.1
indicate that the pool fire will burn out at 400 seconds. Therefore, it is not

expected that the pool fire will cause ignifion of the redundant cable trays.



Tenability in the upper penetration area is analyzed for the duration of the pool

fire. The results of this calculation are presented in section 4.1.3.

4.1.3 Calculation of Tenability - Input and Qutput data for 2 ft. diameter pool fire

The output listed in Section 4.1.3 is arranged so that each column represents the
conditions in an individual compartment. The first column after the vertical line
represents conditions in compartment #1, the second column represents conditions in
compartment #2, and so on through the last column, which represents conditions in

compartment #6.

VERSN 18 2'-DIA POOL FIRE SPECIES
TIMES 540 60 0 0 0

TAMB 300. 101300. 0.

EAMB 300. 101300. 0.

HI/F 0.00 3.05 3.05 3.36 3.36 3.96
WIDTH 3.05 3.05 244 244 244 5.49
DEPTH 3.05 6.10 24.38 9.76 10.68 26.54
HEIGH 6.10 3.05 3.05 3.05 4.73 5.18

HVENT 121 3.05 6.10 3.05
HVENT 2 31 2.44 3.05 0.00
HVENT .3 4 1 244 3.05 031
HVENT 4 51 244 3.05 0.00
HVENT 5 6 1 244 473 0.61
CVENT 121 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 231 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 341 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 4 51 1.00 1.00 1.00 .1.00-1.00 <1.00- 1.00 ..1.00 - 1.00 ~1.00---}.00 -1.00 :1.00" -
CVENT 561 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

CEILI CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
WALLS CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
FLOOR CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
CHEMI 16. 60. 10.0 47450000. 300.

LFBO 1

LFBT 2

LFPOS 1

LFMAX 12

FTIME 540.

FMASS 0.0114 0.0114

FHIGH 0.00 0.00

FAREA 0.07 0.07

FQDOT 5.43E+05 5.43E+05

HCR 0:330 0.330

CO  0.007 0.007

OD  0.030 0.030

12



Fast V 18.5'Created 5/1/91, Run 3/31/94

Time

N2
02

coz.

Co
TUHC

0D

N2
02
€02
€o
TUHC
H20
0D

Time =

N2
02
€02
co
TUHC
H20
0D

N2
02
€02
Co
TUHC
H20
0D

0.0 seconds.

%] 79.3
% | 20.7
% | 0.000
ppm | 0.000
% | 0.000
% | 0.000
1/m | 0.000
5| 79.3
% | 20.7
% | 0.000
ppm | 0.000
% | 0.000
% | 0.000
1/m | 0.000

60.0 seconds.

3

pp

o\

O\°

1/m

OO O

Upper layer species

79.3

20.7
0.000
0.000
0.000
0.000
0.000

79.3

20.7
0.000
0.000
0.000
0.000
0.000

Lower layer species

79.3

20.7
0.000
0.000
0.000
0.000
0.000

Upper

78.3
19.3

1.02.

112.
0.000
1.32
1.37

Lower

79.2
20.5
0.129
14.2
0.000
0.168
0.232

79.3

20.7
£ 0.000
0.000
0.000
0.000
©0.000

layer species

78.6
19.7

0.688.

75.7
0.000
0.894

1.04

79.3

20.7
0.000
0.000
0.000
0.000
0.000

79.3

20.7
0.000
0.000
0.000
0.000
0.000

78.8

20.1
0.463.

- - 50.9

layer species

79.2
20.6

6.271E-02

6.90
0.000

8.139E-02

0.114
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0.000
0.601
0.761

79.2

20.6
5.279E-02

5.81
0.000
6.851E-02
0.102

79.3.

20.7
0.000
0.000
0.000
0.000
0.000

79.3

20.7
0.000
0.000
0.000
0.000
0.000

79.1
20.5
0.156.
17:1
0.000
0.202
0.286

79.3

20.7
2.271E-02

2.50
0.000
2.947E-02
4.498E-02

79.3

20.7
0.000
0.000
0.000
0.000
0.000

79.3

20.7
0.000
0.000
0.000
0.000
0.000

79.3

20.7
2.000E-02.-

2.20
0.000
2.595E-02
3.913E-02

79.3
20.7
0.000
0.000
0.000
0.000
0.000



Time = 120.0 seconds.

N2 %
02 %
02 %
CO ppm
TUHC %
H20 %
0D 1/m
N2 %
02 %
€02 %
CO ppm
TUHC %
H20 %
0D 1/m

Time = 180.0 seconds.

N %
02 %
02 %
CO ppm
TUHC %
H20 %
0D 1/m
N2 %
02 %
€02 3%
CO ppm
TUHC %
H20 %
0D 1/m

77.8
18.6
1.47

0.000
1.90
1.70

|

I

| |
| 161.

I

|

|

Upper

77.9
18.7
1.38
151.
0.000
1.79
1.88

Lower

78.9
20.1
0.411
45.2
0.000
0.533
0.732

Upper

77.7
18.5
1.56
172.
0.000
2.02
2.21

Lower

78.7
19.9
0.558
61.4
0.000
0.724
1.03

layer species

78.2
19.1
1.12
123.
0.000
1.45
1.67

layer species

79.0
20.2
0.329
36.2
0.000
0.427
0.589

layer species

77.9
18.7
1.42
156.
0.000
1.84
2.20

layer species

78.8
20.1
0.452
49.7
0.000
0.587
0.840
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78.4
19.4

0.890
- 97.9

0.000
1.15
1.43

79.1
20.4
0.196
21.5
0.000
0.254
0.380

78.1
19.0
1.21
133.
0.000
1.57

2.00

79.1
20.4
0.227
24.9
0.000
0.294
0.456

78.8
20.0

"0.475

52.3
0.000
0.617
0.844

- 79.2

20.6
7.910E-02

8.70
0.000
0.103
0.160

78.5
19.6
0.768
84.4
0.000
0.996
1.37

79.2

20.6
6.779€E-02

7.46
0.000
8.798E-02
0.141

79.2
20.6
0.105
11.6
0.000
0.136
0.204

- 79.3

20.7
0.000
0.000
0.000
0.000
0.000

79.1

20.4
0.232

25.5
0.000
0.300
0.443

79.3

20.7
0.000
0.000
0.000
0.000°
0.000



Time = 240.0 seconds.

N2
02
€02
co
TUHC

0D

N2
02

coz.

co
TUHC
H20
V)]

Time =

02
€02

TUHC
H20
0D

N2
02
€02
co
TUHC
H20
0D

o o

Q\o

pp

N o 3

1/m

Pp

N o 3J

1/m

300.0 seconds.

Upper layer species

77.7
'18.4
1.59
175.
0.000
2.07
2.36

77.8
18.5
1.55
171.
0.000
2.01
2.50

Lower layer species

78.7
19.9
0.570
62.7
0.000
0.740
1.10

78.8
20.1
0.456
50.2
0.000
0.592
0.885

Upper layer species

77.7
18.4
1.59
175.
0.000
2.07
2.42

Lower

78.8
20.0
0.514
56.5
0.000
0.667
1.03

77.7
18.4
1.58
174.
0.000
2.05

2.64 . .

layer species

78.9
20.1
0.403
44.3
0.000
0.523
0.811
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77.9
18.7
1.41
155.
0.000
1.83
2.41

79.1
20.5
0.184
20.3
0.000
0.239
0.384

77.8
18.5
1.52
168.
0.000
1.98

2.69

79.2

20.5
0.119
13.1
0.000
0.155
0.257

78.3
19.3
0.993
109.
0.000
1.29
1.80

79.3

20.7
2.959E-02

3.25
0.000
3.840E-02
6.334E-02

78.2
19.2
1.09
119.
0.000
1.41
2.01. .

79.3

20.7
1.995E-02

2.19
0.000
2.590E-02
4.370E-02

78.9
20.2
0.365
40.2
0.000
0.474
0.695

79.3

20.7
0.000.
0.000
0.000
0.000
0.000

78.8
20.0
0.491
54.1
0.000
0.638

0.937 .-

79.3

20.7
0.000
0.000
0.000
0.000°
0.000



‘ Time = 360.0 seconds.

77.6 77.7 77.7 - 17.8 78.2 - 78.7

Upper layer species.

N2 % |
02 % | 18.3 18.3 18.4 18.5  19.1 19.9
02 % | 1.70  1.66 1.61 1.52 1.11 0.589
CO ppm | 187. 182. 177. 167. 122, 64.8
TUHC % | 0.000 0.000 '0.000 - 0.000 0.000 0.000
H20 % | 2.21 2.15 2.09 1.97 1.44 0.765 -
0D 1/m | 2.18 2.57 2.75 2.78 2.10 1.13
Lower layervspecies
N2 % | 78.2 78.8 78.9 79.2 79.2 79.3
02 % | 19.2 20.1 20.2 20.5 20.6 20.7
02 % | 1.05 0.447 .0.354 0.125 9.000E-02 0.000
CO ppm | 116. 49.1 38.9 13.8 9.90 0.000
TUKC % | 0.000 0.000 0.000 0.000 0.000 0.000
‘H20 %] 1.36 0.580 0.460 0.163 0.117 0.000
0D 1/m | 1.67 0.922 0.734 0.278 0.202 0.000

Time = 420.0 seconds.

' Upper layer species

N % | 77.3 77.4 77.6 77.8 78.2 78.6
02 %| 17.8 . 18.0 18.3 18.6 19.1 19.8
€02 %] 2.01 1.86 1.70 1.50 1.11 0.659
CO ppm | 221. 205. 187. 166. 122. 72.4
TUHC % | 0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 2.61 2.42 2.21 1.95 1.44 0.855
0D 1/m | 2.59 2.94 2.97  2.82. 2.14 1.27
Lower layer species

N2 % | 78.0 78.8 78.8 79.0 79.0 79.3
02 % | 18.8 20.0 20.1 20.3 20.3 20.7
€02 % | 1.35 . 0.506 0.453 0.275 0.278 0.000
CO ppm | 148. 55,6 49.8 . 30.3 30.6  0.000
TUHC % | 0.000 - 0.000 0.000 0.000 0.000 0.000
H20 % | 1.7% 0.656 0.588 0.357 0.361 0.000
0D 1/m | 2.11 1.11 0.998 0.654 0.655 0.000
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. Time = 480.0 seconds.

Upper layer species

N2 % | 76.9 77.1 77.4 77.8 78.2 78.6
02 %| 17.2 17.6 18.0 18.5 19.1 19.7
€02 %] 2.44 2.18 1.87 1.56 1.14 0.709
CO ppm | 269. 239. 205. 171. 125. 78.0
TUHC % | 0.000  0.000 0.000  0.000 0.000 0.000
H20 % | 3.17 2.82 2.42 2.02 1.47 0.920
0D 1/m | 3.47 3.40 . 3.36 2.95 2.21 1.38
Lower Tayer species

N % | 77.4 78.5 78.6 78.8 78.8 79.3
02 %] 18.0 19.6 19.7 20.0 20.1 20.7
€02 % | 1.92 0.749 0.727 0.479 0.466 - 0.000
CO ppm | 211. 82.4 80.0 52.7 51.2 0.000

~ TUHC % | 0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 2.49 0.973 0.944 0.621 . 0.604 ~0.000
0D 1/m | 3.24 1.65 1.62 1.06 0.990 0.000

Time = 540.0 seconds.

‘ Upper layer species

N2 % | 76.4 76.8 77.2 77.6 78.1 78.5
02 % | 16.5 17.1 17.7 18.3 19.0 19.6
o2 % | 2.91 2.54 2.12 1.69 1.20 0.753
CO ppm | 321. 280. 233. 186. 132. 82.8
TUHC % | 0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 3.78 3.30 - 2.75 2.20 1.56 0.977
0D 1/m | 4.10 4,08 3.89. 3.26 .- 2.36 - 1.47
Lower layer species .
N2 % | 76.9 78.2 78.3 78.7 78.7 79.3
02 % | 17.2 19.2 19.2 19.8 19.8 20.7
02 % | 2.4 1.05 1.03 0.640 0.616 0.000
CO ppm | 266. 115. 113. 70.4 67.7 0.000
TUHC % | 0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 3.14 1.36 1.33 0.830 "0.799 0.000
0D 1/m | 4.00 - 2.16 2.10. 1.25 1.17  ~ 0.000

17



2' DIA POOL FIRE SPECIES

FAST version 18.5.2 - created May 1, 1990

Total compartments

FLOOR PLAN

[To RNV RN VN o
. . .
w0 W W

2.4
10.7

3.0 3.0 2.4 2.4

3.0

Width
Depth

M~
D
< O
o

O
oo™

Height
Area

Volume

56.7 181.4

56.7

6.1 6.1

Ceiling 6.1

Floor
NORMAL CONNECTIONS

1 (1)

3.0 3.4 3.4

3.0

0.0

0.00
0.00

0.00 0.00. 0.00
0.00 0.00 0.00

3.05

0.00

Width

Soffit

Sin

a.Soffit

a.Sil
Width

2 (1)

6.10
3.05
0.00

Soffit

Sill

0.00
0.00
2.44

6.10
3.05
0.00

a.Soffit

a.5ill
Width

2.44

3(1)

Soffit
a.Soffit
a.Sill
Width

Sin

4 (1)

0.00
0.00
0.00
0.00 .
0.00

Soffit

Sill

0.00
0.00
0.00
0.00-
0.00

0.00
0.00
2.44
4.73
0.61

6.41
3.36
0.00
-0.00
0.00

0.00
0.00
2.44
. 3.05.

6.10
3.36
0.00
. 0.00.

0.00
0.00
0.00
0.00°

a.Soffit

a.5ill
Width

5(1)

Soffit

Sin

0.00

0.00

a.Soffit
a.Simn
6 (1) Width

0.01

0.00

0.00

Soffit

Sill

0.00

a.Soffit
a.Sill

THERE ARE NG FAN CONNECTIONS

18



Material names

Ceiling:
Walls:
“Floor:

CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
CONCRETE CONCRETE CONCRETE CONCRETE
CONCRETE CONCRETE CONCRETE CONCRETE

CONCRETE
CONCRETE

Thermal data base used:

_ Name

CONCRETE

THERMAL . TPF

Conductivity Specific heat

1.75

1.000E+03

Density

Thickness

2.200E+03  0.150

0.00E+00 0.00E+00 0.00E+00

Compartment of origin is
Print interval (seconds)
Number of fire specification intervals is
Total time (seconds)

Fire posit

ion

Limiting oxygen index (%) =
Initial relative humidity (%) =

Fire type is a SPECIFIED (CONSTRAINED)
temperature (K) =

Ambient air temperature (K) =

Ambient reference pressure {Pa) =

Pyrolysis

- Reference elevation (m) =
External ambient temperature (K)
External reference pressure (Pa)

Reference elevation (m) =

H/C=
Ftime=

Fmass= 1
Hcomb= 4
Fgdot= 5
Fhigh= 0.
Cc/C02= 3
co/co2= 7
"0

5

.14E-02
.76E+07
.43E+05
00

.00E-02
.00E-03
.33

.40E+02

1.14E-02
4.76E+07
5.43E+05
0.00

3.00E-02
7.00E-03
0.33

19

300.
300.
101300.
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300.
101300.
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CONCRETE
CONCRETE

CONCRETE

Emissivity

0.940

0.00E+00



Time =

Upper temp(K)
Lower temp(K)

. Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
‘Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time =

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
- Low wall temp(K)
Floor temp(K)

Time =

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time =

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

0.0 seconds.

60.0 seqonds.

180.0 seconds.

300.
300.

300.
300.
300.
300.

449,
359,
27.

306.
304.
301.
300.

120.0 seconds.

474.
386.
28.

312.
309.
302.
301.

477.
392.
28.

317.
313.
304.
301.

NW = O~ 00N

314.

300.
300.

300.
300.
300.
300.

412.
41.

304.
303.
300.
300.

429.
330.
42.

308.
306.
302.
301.

433.
333.
41.

311.
308.
303.
302.

= N WO OO

0
0

COWwWsaNOOoO N OO OO O —

.
N WWwWwNOo o

300.
300.

300.
300.
300.
300.

360.
306.
115.

301.
301.
300.
300.

370.
321.
118.

303.
302.
300.
300.

375.
323.
115.

-305.
304.
301.
301.

20

O WO Wwut W=~

0

300.
-300.

300.
300.
300.
300.

337.
304.
38.

300.
300.
300.
300.

347.
311.
37.

302.
301.
300.
300.

351.
310.
37.

303.
302.
300.
300.

== OO OV O OO OCCOoOCO OO

W aEa oo N -

POARW R OOW WS

300.
300.

300.
300.
300.
300.

313.
302.
59.

300.
300.
300.
300.

323.
304.
59.

300.
300.
300.
300.

327.
302.
64.

301.
301.
300.
300.

O OO OO OO

== TN WS

=N O WU W oo

OO~ MNW —~= O

300.
300.

300.
300.
300.
300.

301.
300.
127.

300.
300.
300.
300.

305.
300.
337.

300.
300.
300.
300.

308.
300.
462.

300.
300.
300.
300.

O OO OO mMOO

OO MFH WOhOOWmM

OO MNP MNODOWLD

OO OO WOLOO



Time =

Upper temp(K)

Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time =

- Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time =

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Leiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time =
Upper temp(X)

Lower temp(K)
Upper vol(m**3)

Layer depth(m)

Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)

Floor temp(K)

'240.0 seconds.

300.0 seconds.

360.0 seconds.

476.
392.
29.

320.
315.
305.
302.

479.
393.
30.

323.
318.
306.
302.

487.
400.
32.
3.
326.
320.
307.
303.

420.0 seconds.

497.
420.
36.
3.
329.
323.
308.
303.

W WO B N = O

W WW W

DN O DD

SWOAN G A~ OO

433.
330.
42.

313.
310.
303.
303.

432.
326.
43.

315.
312.
304.
303.

431.
322.
47.

317.
313.
305.
304.

429.
321.
50.

318.
314.
305.
304.

.
NN WO A OO

7

.
L= O N WO W

.
WrHH oo oD N

.
W N OO Ny~ O

376.
320.
117.

306.
304.
301.
301.

375.
317.
125.

307.
305.
302.
301.

373.
314.
140.

308.
306.
302.
301.

370.
316.
155.

309.
306.
302.
302.
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.
NN OOTO bW,

O OO0 W W

O NAOAHH DO,

NN WS B S WO

353.
" 307.
40.

304.
303.
300.
300.

352.
304.
46.

304.
303.
300.
300.

346.
303.
56.

305.
303.
301.
300.

341.
306.
63.

305.
303.
301.
301.

OO O~NDM—O

.
O~ W NN WM

NOONOON D

sooo:zo—-:::-»—-oxox

329.
301.
75.

-301.
301.
300.
300.

327.
300.
89.

302.
301.
300.
300.

323.
302.
101.

302.
301.
300.
300.

320.
305.
110.

302.
301.
300.
300.

.
NN WoOLOTOoO N

.
NN -~ oD

.
Wwhr—apoho

.
W NN O~NMM”TO

310.
300.
562.

300.
300.
300.
300.

310.
300.
636.

300.
300.
300.
300.

310.
300.
686.

300.
300.
300.
300.

309.
300.
713.

300.
300.
300.
300.

o SO O O .—-r--w.t:-:ocxoo

.
NNy OO W

NN~ OO W,



Time = 480.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

‘Time =

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

540.0 seconds.

497.
425.
39.

332.
325.
310.
304.

495.
421.
39.

334.
327.
311.
304.

.
W NN RN OYY

O £ OV~ W WO~ WO

425.
324.
52.

320.
315.
306.
305.

422.
326.
53.

320.
316.
307.
306.

A OO O, &~

= O MNOOWR— 5

366.
321.
163.

309.
307.
302.
302.

363.
323.
167.

309.
307.
303.
302.

22

N OO o ~Noy o~y

= W N0 PN

337.
308.
66.

305.
304.
301.
301.

335.
308.
67.

305.
304.
301.
301.

WO W ooW oYW,

N PO WS~

318.
307.
113.

302.
301.
300.
300.

316.
307.
115.

302.
301.
300.
300.

SO NW A O

Oy~ WD P~y

2

308.
300.
723.

300.
300.
300.
300.

307.
300.
729.

300.
300.
300.
300.

N NN O N~ o

RN OYNO &=



Depth (m)

FIGURE 4.1.3

2' Diameter Pool Fire

Legend
depth
[T T |°w temp
"o 60 120 180 240 300 360 a0 480 540

~ time (sec)
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' 4.2  Cable tray fire
4.2.1 Potential for Ignition of Redundant Cable Tray Stack

Using the input detailed in Section 3.1.2, a heat release rate history for a cable tray
fire was developed. The impact of the cable tray fire on the redundant cable tray }
~was assessed by approximating the cable tray fire as a point source and
calculating the incident energy or flux (kW/m?) received by the redundant cable
tray. The incident flux received by the redundant cable tray is calculated to reach
a maximum value of 1.307 kW/m”. These calculations are detailed in Attachment
1. This value is well below the 14 kW/m?’ critical flux necessary to enable piloted
ignition of silicone, glass braid/asbestos cable. Therefore, ignition of the -
redundant cable tray is not expected to occur.
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4.2.2 Calculation of Tenability - Cable Tray Fire

The output listed in Section 4.2.2 is arranged so that each column represents the conditions in an
individual compartment. The first column after the vertical line represents conditions in '
compartment #1, the second column represents conditions in compartment #2, and so on through
the last column, which represents conditions in compartment #6.

VERSN 18 SINGLE CABLE TRAY STACK
TIMES 2700 60 60 60 0

TAMB 300. 101300. 0.

EAMB 300. 101300. 0.

HI/F  0.00 3.05 3.05 3.36 3.36 3.96
WIDTH 3.05 3.05 244 244 244 549
DEPTH 3.05 6.10 24.38 9.76 10.68 26.54
HEIGH 6.10 3.05 3.05 3.05 4.73 5.18

HVENT 1 21 3.05 6.10 3.05

HVENT 2 3 1 244 3.05 0.00

HVENT 3 4 I 244 3.05 031

HVENT 4 51 244 3.05 0.00

HVENT 56 1 244 473 0.1

CVENT 121 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 231 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 341 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 451 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
CVENT 56 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .00

CEILI CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
WALLS CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
FLOOR CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
CHEMI 16. 1. 10.0 33000000. 300.

LFBO 1

LFBT 2

LFPOS 3

LFMAX 12

FTIME 100. 100. 100. 100. 100. 100. 100. 200. 200. 500. 500. 600.

FMASS 0.0000 0.0019 0.0035 0.0048 0.0058 0.0067 0.0075 0.0081 0.0089 0.0096 0.0104 0.0108 0.0108
FHIGH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FAREA 029 029 029 029 0.29 0.29 029 029 029 029 029 0.29 029

FQDOT 0.00 6.20E+04 1.13E+05 1.56E+05 1.90E+05 2.19E+05 2.43E+05 2.63E+05 2.92E+05
3.12E+05 3.39E+05 3.52E+05 3.52E+05

HCR 0.3330.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333

CO  0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023

OD 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034
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‘ Fast V 18.5 Created 5/1/91, Run 8/5/94

Number of compartments = 6
FLOOR PLAN ’
Width 3.0 3.0 2.4 2.4 2.4 5.5
Depth 3.0 6.1 24.4 9.8 10.7 26.5
Height 6.1 3.0 3.0 3.0 4.7 5.2
Area 9.3 18.6 59.5 23.8 26.1 145.7
Volume 56.7 56.7 181.4 72.6 123.3 754.7
Ceiling 6.1 6.1 6.1 6.4 8.1 9.1
Floor . 0.0 3.0 3.0 3.4 3.4 4.0
NORMAL CONNECTIONS
1 (1) Width 0.00 3.05 0.00 0.00 0.00 0.00 0.00
Soffit 0.00 6.10 0.00 0.00 0.00 0.00 0.00
Sill 0.00 3.05 0.00 0.00 0.00 0.00 0.00
a.Soffit 0.00 6.10 0.00 0.00 0.00- 0.00 0.00
' a.Sill 0.00 3.05 0.00 0.00 0.00 0.00 0.00
2 (1) Width ©3.05 0.00 2.44 0.00 0.00 0.00 0.00
-~ Soffit 3.06 0.00 3.05 0.00 0.00 0.00 0.00
CSiNn 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a.Soffit 6.10 0.00 6.10 0.00 0.00 0.00 0.00
a.Sin 3.05 0.00 3.05 0.00 0.00 0.00 0.00
3 (1) Width 0.00 2.44 0.00 2.44 0.00 0.00 0.00
Soffit 0.00 3.05 0.00 3.05 0.00 0.00 0.00
Sil 0.00 0.00 0.00 0.31 0.00 0.00 0.00
“a.Soffit 0.00 6.10 0.00 6.10 0.00 0.00 0.00
. , a.Sill 0.00 3.05 0.00 3.36 0.00 0.00 0.00
4 (1) Width 0.00 0.00 2.44 0.00 2.44 0.00 0.00
Soffit 0.00 0.00 2.74 0.00 3.05 0.00 0.00
Sin 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a.Soffit 0.00 . 0.00 6.10 0.00 6.41 0.00 0.00
a.Sin 0.00 0.00 3.36 0.00 3.36 0.00 0.00
5 (1) Width 0.00 0.00 0.00 2.44 0.00 2.44 0.00
Soffit 0.00 0.00 0.00 3.05 0.00 4.73  0.00
Sil 0.00 0.00° 0.00"" 0.00° 0.00 " 0.61" 0.00 " °
a.Soffit 0.00 0.00 0.00 6.41 0.00 8.09 0.00
a.silt - 0.00 0.00 0.00 3.36 0.00 3.97 0.00
6 (1) width 0.00 0.00 0.00 0.00 2.44 0.00 0.00
Soffit 0.00 0.00 0.00 0.00 4.13 0.00 0.00
Sil 0.00 0.00 0.00 0.00 0.0t 0.00 0.00
a.Soffit 0.00 0.00 0.000 0.00 8.09 0.00 0.00
a.Sill 0.00 0.00 0.00 -0.00 3.97 0.00 0.00
THERE ARE NO FAN CONNECTIONS
Compartment of origin is ' o1
Print interval (seconds) : 60
Number of fire specification intervals is 12
Total time (seconds) 2700
: Fire position 3
. Limiting oxygen index (%) = 10.0
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Initial relative humidity (%) = 1.0

Fire type is a SPECIFIED (CONSTRAINED)

Pyrolysis temperature (K) = 300.

Ambient air temperature (K) = 300.

Ambient reference pressure (Pa) = 101300.

Reference elevation {m) = 0.

Fmass= 0.0 1.9E-03 3.5e-03 4.8E-03 5. SE 03 '6.7E-03 7.5E-03 8.1E-03 8.9€-03

9.6E-03 1.0E-02 1.1E-02 1.1E-02

Hcomb=  3.3E+07 3. 3E+07 3.2E+07 3.2E+07 3.3E+07 3.3E+07 3.2E+07 3 2E+07  3.3E+07 -

3.2E407 3.3E+07 3.3E+07 3.3E+07

Fqdot= 0.0 6.2E+04 1.1E+05 1.6E+05 1.9E+05 2.2E+05 2.4E+05 2.6E+05 2.9E+05
3.1E+05 3.4E+05 3.5E+05 3.5E+05
Fhigh= 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0
C/C02=  3.4E-02 3.4E-02 3.4E-02 3.4E-02 3.4E-02 3.4E-02 3.4E-02 3.4E-02 3.4E-02
3.4E-02 3.4E-02 3.4E-02 3.4E-02
C0/C02= 2.3-02 2.3E-02 2.3E-02 2.3E-02 2.3E-02 2.3E-02 2.3E-02 2.3E-02 2.3E-02
2.3E-02 2.3E-02 2.3E-02 2.3E-02
H/C= 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
0.3 0.3 0.3
Ftime= 1.0E+02 1.0E+02 1.0E+02 1.0E+02 1.0E+02 1.0E+02 1.0E+02 2.0E+02 2.0E+02

5.0E+02 5.0E+02 6.0E+02
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Time

Time

Upper layer species

= 0.0 seconds.

N2 %] 79.1

02 % | 20.7
€02 % | 0.000
CO ppm | 0.000
TUHC % [0.000 -
H20 % | 0.273
0D 1/m-| 0.000

Lower layer species

N2 %] 79.1
02 % | 20.7
co2 % | 0.000
CO ppm | 0.000
TUHC % |0.000
H20 % | 0.273
0D 1/m | 0.000
60.0 seconds.
Upper Tayer species
N2 % | 78.7
02 % | 20.2
€02 % | 0.282
CO ppm | 102.
TUHC % 0.000
H20 % | 0.778

0D 1/m | 0.589

Lower layer species

N2 % | 79.1

02 % | 20.7

C02 % | 5.724E-03
CO ppm | 2.07
TUHC % |0.000

H20 % | 0.283

0D 1/m |

79.1

20.7

0.000
0.000
0.000
0.273
0.000

79.1

20.7

0.000
0.000
0.000
0.273
0.000

78.8
20.4
0.165

- 59.8

0.000
0.569
0.312

79.1

20.7
1.934E-03
0.699
0.000
0.277

79.1

20.7

0.000
0.000
0.000
0.273
0.000

79.1

20.7

0.000
0.000
0.000
0.273
0.000

79.0

20.6
4.519E-02
16.3
0.000
0.354
0.101

79.1

20.7
4,131E-08
1.493E-05
0.000
0.273

79.1

79.1 79.1
20.7 20.7 20.7
0.000 0.000° 0.000
0.000 0.000 0.000
" 0.000 0.000 0.000
0.273 0.273 0.273
0.000 0.000 0.000
79.1 79.1 79.1
20.7 20.7 20.7
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.273 0.273 0.273
0.000 0.000 0.000
79.1 79.1 79.1
20.7 20.7 20.7
5.059E-03 1.885E-05 2.272E-08
1.83 6.812E-03 8.210E-06
0.000 0.000 0.000
0.282 0.273 0.273

1.068E-02 4.028E-05 4.819E-08

79.1 79.1 79.1
20.7 20.7 20.7
2.173E-10 3.243E-13 4.427€-17
7.852E-08 1.168E-10 0.000
0.000 0.000 0.000
0.273 0.273 0.273

1.264E-02 3.692E-03 8.843E-08 4.618E-10 6.893E-13 0.000
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‘ . Time = 120.0 seconds.

Upper layer species

N2 % | 78.2 78.4 78.8 79.0 79.1 79.1

02 % | 19.7 20.0 20.3 20.6 --20.7 . 20.7

€02 % | 0.620 0.470 0.211 4.650E-02 1.355E-03 2.769E-05
CO ppm | 224. 170. 76.2 16.8 0.490 1.001E-02
TUHC % | 0.000 0.000 0.000 0.000 0.000 ~0.000
H20 % | 1.39 1.12 0.651 0.357 0.276 0.273

0D 1/m | 1.14 0.823 0.432 9.808E-02 2.891E-03 5.889E-05

Lower layer species

N2 % | 79.0 79.0 79.1 79.1 79.1 79.1
02 % | 20.6 20.6 20.7 20.7 20.7 20.7
€02 % | 1.123E-02 1.898E-02 4.285E-04 1.588E-09 3.554E-11 7.075E-14
CO ppm | 4.06 6.86 0.155 5.740E-07 1.284E-08 2.535E-11

TUHC % |0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 0.293 0.307 0.274 0.273 0.273 0.273
0D 1/m | 2.401E-02 3.929E-02 9.104E-04 3.398E-09 7.602E-11 1.502E-13

Time = 180.0 seconds.

‘ Upper layer species

N % | 77.9 78.0 78.5 78.8 79.0 79.1

02 %| 19.4 '19.6 20.1 20.4 20.6 20.7

oz % | 0.819 0.720 0.409 0.167 1.183E-02 5.099E-04
CO ppm |  296. 260. 148. 60.4 4.28 0.184
TUHC % |0.000 0.000  0.000 0.000 0.000 0.000

H20 % | 1.75 1.57 1.01 0.573 0.295 0.274

0D 1/m | 1.41 1.27 0.817 - 0.348~ - 2.530E-02 1.090E-03

Lower layer species

N %] 79.0 79.0 79.1 79.1 79.1 79.1

02 % | 20.6 20.6 20.7 . 20.7 20.7 20.7 .
C02 % | 1.347E-02 1.132E-02 6.544E-03 1.883E-03 6.473E-11 2.823E-13 .
CO ppm | 4.87 4.09 2.37 0.681 2.340E-08 1.017E-10

TUHC % |0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 0.297 0.294 0.285 0.277 0.273 0.273
0D 1/m | 2.884E-02 2.330E-02 1.388E-02 4.029E-03 1.393E-10 6.057E-13

29



‘ Time = 240.0 seconds.

Upper layer species

N2 % | 77.5 77.8 78.2 78.5 79.0 79.1

02 % | 19.1 19.3 - 19.8 20.1 20.6 20.7

€02 % | 1.03 0.883 0.595 - 0.350 5.226E-02 2.266E-03
CO ppm | - 374. - 319. 215, 127. 18.9 0.819
TUHC % |0.000 0.000 0.000 0.000 0.000 0.000

H20 % | 2.14 1.87 1.35 0.904 0.367 0.277

0D 1/m | 1.61 1.56 1.17 0.722 0.111 4.873E-03

Lower layer species

N % | 79.0 79.0 79.0 79.0 79.1 -~ 79.1

02 % | 20.6 20.6 20.6 20.6 20.7 20.7

C02 % | 1.225E-02 1.292E-02 1.997E-02 2.603E-02 7.101E-04 3.715E-13
CO ppm | 4.43 - 4,67 7.22 9.41 0.257 1.340E-10

TUHC % |0.000 0.000 0.000  0.000 0.000 0.000

H20 % | 0.295- 0.297 0.309 0.320 0.275 0.273

0D 1/m | 2.569E-02 2.817E-02 4.187E-02 5.574E-02 1.539E-03 8.028E-13
Time = 300.0 seconds.

Upper layer species

N % | T77.3 77.6 77.9 78.3 78.8 79.1
‘ 02 % | 18.9 19.1 19.5 19.8 20.4 20.7
2 % | 1.17 1.02 0.770 0.549  0.151 7.963E-03
CO ppm | 423. 368. 278.  198. 54.7 2.88
TUHC % |0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 2.38 2.11 1.66 1.26 0.546 0.288
0D 1/m | 1.85 1.73 1.51 1.12 0.321 1.719€-02
Lower Tayer species
N2 % | 79.0 79.0 79.0 79.0 79.0 79.1
02 %} 20.6 20.6 20.6 20.6 20.6 20.7
€02 % | 1.669E-02 2.705E-02 4.714E-02 7.589E-02 2.835E-02 3.715E-13
€O ppm | 6.03 9.77 17.0 27.4 10.2 1.348E-10
TUHC % |0.000 0.000 0.000 0.000 0.000 0.000

H20 % | 0.303 0.322 0.358 0.410 0.324 0.273
0D 1/m | 3.564E-02 5.662E-02 9.920E-02 0.162 6.145E-02 8.077E-13
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Time

Time = 420.0 seconds.

= 360.0 seconds.

Upper layer species

N2 %] 77.1
02 % | 18.7
02 % | 1.31
CO ppm 475,

I
TUHC % [0.000
H20 % | 2.64
00 1/m | 1.99

. 77.4

18.9
1.16
418.

0.000
2.35
1.96

Lower layer species

N2 % | 79.0 79.0

02 % | 20.6 20.6

€02 % | 3.424E-02 6.467E-02
CO ppm | '12.4 23.4
TUHC % |0.000 0.000

H20 - % | 0.335 0.390

0D 1/m | 7.252E-02 0.134

Upper layer species

N2 % | 76.9
02 % | 18.5
02 % | 1.46
CO ppm | 527.
TUHC % |0.000
H0 % | 2.89
0D 1/m | 2.24

77.2
18.7
1.31
472.
0.000
2.62
2.13

Lower layer species

N2 %] 79.0
02 % | 20.6

78.9
20.5

€02 % | 7.437E-02 0.132

COppm | 26.9

TUHC % |0.000
H20 % | 0.407
0D 1/m | 0.158

47.8

0.000
0.512
0.257

77.7
19.3
0.932
337.
0.000
1.95
1.81

78.9
20.5
0.106
38.1
0.000
0.464
0.223

77.5
19.0
1.09
394.
0.000
2.24
2.10

78.8
20.4
0.187
67.4
0.000
0.610
0.401

78.0

19.5

0.750
271.

0.000

1.63
1.52

78.8
20.4
0.156
56.3

.~ 0.000

0.554
0.332

77.7
19.3
0.935
338.
0.000
1.96
1.88

78.7
20.3
0.229

82.9

0.000
0.687
0.487
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78.6 79.0
20.2 20.6
0.298  2.385E-02
108. 8.62
0.000  0.000
0.811  0.316 -
0.628  5.161E-02
78.9 79.1
20.5 20.7
8.011E-02 3.715E-13
29.0  1.348E-10
0.000  0.000
0.418  0.273
0 0.173  8.142E-13
78.4 79.0
20.0 20.6
0.465  5.505E-02
168. 19.9
0.000  0.000
1.11  0.373
0.977 ©~ 0.119°
78.9 79.1
20.5 20.7
0.127  3.715E-13
45.9  1.354E-10
0.000  0.000
0.503  0.273
0.276  8.209E-13



Time = 480.0 seconds.

Upper layer species

N % | 76.7 76.9

02 % | 18.2 | 18.4

€02 % | 1.64 1.48
CO ppm | 593. 536. -
TUHC % |0.000 0.000
H20 % | 3.22 2.93
0D 1/m | 2.41 2.37

Lower layer species

N2 % | 78.9 78.8
02 % | 20.5 20.3
02 % |0.137  0.212
CO ppm | 49.6 76.5
TUHC % [0.000  0.000

‘H20 % | 0.521  0.655
0D 1/m | 0.287  0.416

Time = 540.0 seconds.

Upper layer species

N2 % | 76.5 76.6
02 %] 18.0 18.2
c2 % | 1.78 1.65
COppm | 644. 597,
TUHC % ]0.000 0.000
H20 % | 3.48 3.24
0D 1/m | 2.60 2.59
Lower Tayer species
N2 % | 78.8 78.6
02 % | 20.3 20.2
€0z % | 0.210 0.285
CO ppm | 75.9 103.

TURC % ]0.000  0.000
H20 % | 0.652  0.786
0D 1/m | 0.440  0.562

77.2
18.8
1.26

- 454,

0.000
2.53
2.40

78.7
20.3
0.266
96.2

0.000 -

0.753
0.577

77.0
18.5
1.43

518. .

0.000
2.85

2.72

78.6
20.2
0.330
119.
0.000
0.868
0.723

77.4
19.0
1.11
400.
0.000
2.26
2.21

78.6
20.2
0.284
103.
0.000
0.785
0.605

77.2
18.8
1.28
462.
0.000
2.57

2.54- -

78.6
20.2
0.310
112.
0.000
0.831
0.666
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78.1
19.7

0.629

227.

0.000
1.41
1.32

78.8

0 20.4

0.153
55.2
0.000
0.549
0.333

77.9
19.5
0.781
282.
0.000
1.68

1.64

78.8
20.4
0.153
55.3
0.000
0.549
0.337

78.9
20.5
0.105
37.9
0.000
0.462
0.226

79.1

20.7
3.715E-13
1.354E-10

0.000

0.273

8.274E-13

78.8
20.4
0.171
61.8
0.000
0.581
0.369"

79.1

20.7

3.715E-13
1.338E-10

0.000

0.273

8.387E-13



Time

Time

= 600.0 seconds.

Upper layer species

N2 % | 76.2
02 %| 17.8
02 %[ 1.92
CO ppm |  693.

TUKC % |0.000
H20 % | 3.74
0D 1/m | 2.73

76.4

18.0
1.80
650.

0.000
3.51
2.82

Lower layer species

N2 % | 78.7
02 % | 20.2
€02 % | 0.278
CO ppm | 101.

TUHC % |0.000
H20 % | 0.774
0D 1/m | 0.582

= 660.0 seconds.
Upper layer species

N2 % | 76.1 76.2
02 % | 17.6 17.8
02 % | 2.02 1.92
Co ppm | 729. 695.
TUHC % | 0.000 0.000
H20 % | 3.91 3.74
0D 1/m | 2.84

78.6
20.2
0.340
123.
0.000
0.886
0.678

2.99. .

Lower layer species

N2 %] 78.6
02 % | 20.2
€02 %] 0.331
CO ppm 120.

|
TUHC % |0.000
H20 % | 0.869
0D 1/m | 0.699

78.5
20.1
0.373
135.
0.000
0.944
0.748

76.7

18.3
1.60
579.

10.000

3.15
3.02

78.5
20.1
0.372
134.
0.000
0.942
0.823

18.0
1.76
635.
0.000
3.44

3.31.

78.5
20.1
0.387
140.
0.000
0.970

0.866

77.0
18.5
1.44

- 522.

0.000

2.87

2.86

78.6
20.2
0.307
111.
0.000
0.826
0.666

18.3
1.61
580.
0.000
3.16
3.18 ..

78.7
20.2
0.277
100.
0.000
0.771
0.604
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77.7 78.7
19.3 20.3
0.932 0.246
337. 89.1
0.000 0.000
1.95 0.717
1.95 0.531
78.9 79.1
20.5 20.7
0.131 3.715E-13
47.4 1.320E-10
0.000 0.000
0.510 0.273
0.291 8.500E-13
77.5 78.6
19.0 20.2
1.09 0.326
392, 118.
0.000 0.000
2.23 0.859
2.27..  0.700..
78.9 79.1
20.5 20.7
'9.281E-02 3.715E-13
33.5 1.307E-10
0.000 0.000
0.440 0.273
0.208 8.611E-13



Time

Time = 780.0 seconds.

Upper Jayer species
N2 % | 76.0 76.1
02 %) 17.5 17.6
02 % | 2.10 2.04
CO ppm |  757. 739.
TUHC % |0.000 0.000
H20 - % | 4.04 3.96
0D i/m | 2.96 3.17 .

0D 1/m |

= 720.0 seconds.

Upper layer species

N2 % | 76.0
02 % | 17.6
02 % | 2.07
CO ppm | 749.

TUHC % | 0.000°
H20 % | 4.01
00 1/m | 2.90

Lower layer species-

N2 % | 78.5
02 % | 20.1
€02 % | 0.362
CO ppm | 131.

TUHC % |0.000
H20 % | 0.924
0D I/m | 0.773

76.1

17.7°
2.01

725.

0.000

3.89
3.12

78.5
20.1
0.380
137.
0.000
0.957
0.769

Lower layer species

N2 % | 78.5
02 % | 20.1
C02 % | 0.368
CO ppm | 133.

TUHC % [0.000
H20 % | 0.936
0.795

78.5
20.1
0.363
131.

0.000-

0.927
0.740

17.8

1.88

681.

0.000.

3.67
3.55

78.5
20.1
0.376
136.
0.000
0.951
0.851

76.2

17.7
1.97
712.

0.000
3.82
3.73

78.6
20.1
0.345
125.
0.000
0.895
0.790

18.0

1.75

634.

0.000

3.44
3.48

78.7
20.3
0.226
81.8
0.000
0.681
0.500

76.3

17.9
1.88
679.

0.000
3.66

3.74 .

78.8
20.4
0.170
61.3
0.000
0.579
0.378
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77.3 78.5
18.8 20.1
1.22 0.409
441, 148.
0.000 0.000
2.47 1.01
2.55 0.879
79.0 . 79.1
20.6 20.7

5.226E-02 3.715E-13
18.9 1.315E-10

0.000 0.000
0.367 0.273
0.118 8.735E-13
77.1 78.3
18.7 19.9
1.32 0.494
478. 179.
0.000 0.000
2.65 1.16
2.77 1.06 -
79.0 79.1
20.6 20.7

2.542E-02 3.715E-13
9.19 1.318E-10
0.000 0.000
0.319 0.273
5.768E-02 8.780E-13



Time

Time

840.0 seconds.

Upper layer species
N2 % | 76.0 76.1
02 % | 17.5 17.6
02 % | 2.10 ~2.06
CO ppm | 758. 743.
TUKC % |0.000 0.000
H20 % | 4.04 3.97
oD 1/m | 2.98 3.20

" Lower layer species
N2 % | 78.5 78.6
02 % | 20.1 20.2
€02 % | 0.352 0.328
CO ppm | 127. 118.
TUHC % ]0.000 0.000
H20 % | 0.908 0.864
0D 1/m | 0.769 0.669

= 900.0 seconds.

Upper layer species
N2 % | 76.0 76.1
02 %) 17.5 17.6
o2 % | 2.10 2.05
CO ppm | 760. 742.
TUHC % |0.000 0.000
H20 % | 4.04 3.96
0D 1/m | 2.98 3.22

Lower layer species
N2 % | 78.6 78.7
02 %] 20.2 20.2
€02 % | 0.318 0.277
CO ppm | 115, 100.
TUHC % ]0.000  0.000
H20 % | 0.846 0.773
0D 1/m | 0.697 0.580

76.1
17.6
2.02
730.
0.000
3.91
3.85

78.6
20.2
0.299
108.
0.000
0.813
0.694

76.1
17.6
2.04
737.
0.000
3.94
3.91

78.7
20.3
0.240
86.8
0.000
0.706
0.562

76.2
17.7
1.96
710.
0.000
3.81
3.94

78.9
20.5
0.112
40.5
0.000
0.475
0.251

76.2

17.7

1.98
716.
0.000

3.84

4.01-

79.0
20.6.
5.782E-02
20.9
0.000
0.377
0.131
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77.0 78.2
18.6 19.8
- 1.38 0.578
497. 209.
0.000 - 0.000
2.75 1.31
2.89 1.24
79.0 79.1
20.6 20.7

1.232E-02 3.715E-13
4.45 1.315E-10
0.000 0.000
0.295 0.273

2.816E-02 8.803E-13

77.0 78.1
18.6 18.7
1.40 '0.655
506. 237.
0.000 0.000
2.80 1.45
2.96 1.41
'79.1 79.1
20.7 20.7

5.882E-03 3.715E-13
2.13 1.382E-10
0.000 0.000
0.284 0.273
1.358E-02 8.754E-13



Time = 960.0 seconds.

y
N2 %
02 %
€02
CO ppm
TUHC.
H20
0D 1/m

02 %
Co2

CO ppm
TUHC
H20

0D 1/m

Time = 102

N %
02 %
co2

CO ppm
TUHC
H20

0D 1/m

pper layer species
| 76.0  76.1
| 17.6 ~ 17.6
% | 2.08 2.02
| 752. 731..
% 0.000 0.000
% | 4.01 - 3.90
| 2.99 3.23

Lower layer species

| 78.7 78.7

| 20.3 20.3
% | 0.269 0.216

| 97.1 78.1

% 10.000 0.000
% | 0.757 0.662

| 0.593 0.460
0.0 seconds.

Upper layer species

| 76.1 76.2
| 17.6 17.7
% | 2.04 1.97
| 739. 714.
% 10.000  0.000
% | 3.95 3.82
| 3.08 3.17

Lower layer species

N2 % | 78.8 78.8
02 % | 20.3 20.4
02 %] 0.211 0.156
CO ppm | 76.3 56.5
TUHC % |0.000 0.000
H20 % | 0.653  0.555
0D 1/m | 0.465 0.327

736.

76.1
17.6
2.04

0.000

3.93
3.94

78.8

- 20.4

0.176
63.8

- 0.000

0.591
0.417

76.1
17.7
2.00
724.
0.000
3.87
3.93

78.9
20.5
0.125
45.3
0.000
0.499
0.302

©76.2
17.8

1.94
703.
0.000

3.77

3.98

79.0
20.6

2.471E-02

8.93
0.000
0.318
5.682E-02°

76.3
17.8
1.88
681.
0.000
3.66
3.88. .

79.0

'20.6

2.840E-02
10.3
0.000
0.324
6.643E-02
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77.0 78.0

18.5 19.6
1.41 0.724
510. 262.
0.000  0.000
©2.81 1.58
- 3.00 1.56
79.0 79.1
20.6 20.7

9.993E-03 3.714E-13
3.61 1.480E-10
0.000 0.000
0.291 0.273
2.342£-02 8.892E-13

77.0 77.9
18.6 19.5
1.41 0.787
510. 284.
0.000 0.000
2.81 1.69
3.01. 1.70.
79.0 79.1
20.6 20.7

5.009E-02 3.714E-13
18.1 1.622E-10

0.000 0.000
0.363 0.273
0.120 9.244E-13



4

Time

Time

= 1080.0 seconds.

Upper layer species

N2 % | 76.1 76.2
02 % | 17.6 17.8
c02 % | 2.04 1.95
CO ppm | 739. 703.
TUHC % |0.000 0.000
H20 % | 3.95 3.77
0D 1/m | 3.10 3.20
Lower layer species
N2 % | 78.8 78.9
02 % | 20.4 20.5
C02 % | 0.158 0.114
CO ppm | 57.1 41.3
TUHC % |0.000 0.000
H20 % | 0.558 0.479
0D 1/m | 0.342 0.244

= 1140.0 seconds.

Upper layer species
N2 % | 76.1 76.3
02 %| 17.7 17.8
0z % | 2.01 1.91
CO ppm | 728. 689.
TUHC % |0.000 ~ 0.000
H20 % | 3.90 3.70
0d 1/m | 3.17 3.22

Lower -layer specjes
N2 % | 78.9 78.9
S 02 % | 20.5 20.5

€02 % | 0.126 0.113
CO ppm | 45.4 41.0
TUHC % ]0.000 0.000
H20 % | 0.499 0.478
0D i/m | 0.271 0.261

76.2

17.7
1.96

707.

0.000

3.79

3.88

78.9
20.5

‘0.101

36.4
0.000
0.455

0.248

76.3

17.8
1.91

689.

. 0.000

3.70
3.82

78.9
20.5
0.127
46.0
0.000
0.502
0.331

76.4
18.0
1.81
655.
0.000
3.53
3.76

78.9

20.5
8.991E-02
32.5
0.000
0.435
0.217

76.5
18.1
1.75
631.
0.000
3.41
3.65.

78.7
20.3
0.248
89.5
0.000
0.718
0.658

37

77.0
18.6
1.40
505.
0.000
2.79
3.00

78.8
20.4
0.160
57.8
0.000
0.561
0.397

77.1

18.6
1.37

496.

0.000.

2.74

2.96-

78.5
20.1
0.360
130.
0.000
0.920
0.963

77.8
19.4
0.843
305.
0.000
1.79
1.82

79.1

20.7

3.715E-13
1.836E-10

0.000

0.273

1.073E-12

77.8
19.3
0.889
321.
0.000
1.87
1.93.

79.1

20.7

3.715€-13"
2.091E-10

0.000

0.273

1.201E-12



Time = 1200.0 seconds.

Upper layer species

N % | 76.2 76.3 76.3 76.6 77.1 77.7
02 % | 17.7 17.9 17.9 18.1 18.6 19.3
02 % | 1.98 1.87 1.86 1.70 1.37 0.931
CO ppm | 717. 677. 671. 615. 494, 336.
TUHC % |0.000 0.000 0.000 0.000 0.000 0.000
H20 % | 3.85 3.65 3.62 3.33 2.73 1.95
0D 1/m | 3.24 3.33 3.78 3.59 2.96 2.02
Lower layer species
N2 % | 78.9 78.8 78.7 78.4 78.2 79.1
02 % | 20.4 20.4 20.3 19.9 19.8 20.7
C02 % | 0.144 0.195 0.245 0.484 0.561 3.715E-13
CO ppm | 52.1 70.3 88.5 175. 203. 2.546E-10
TUHC % |0.000 0.000 - 0.000 0.000 0.000 0.000
H20 % | 0.533 0.623 0.713 1.14 1.28 0.273
0D 1/m | 0.314 0.488 0.678 1.33 1.49 1.412E-12
Time = 1260.0 seconds.
Upper layer species
N2 %] 76.0 76.2 76.4 76.6 77.1 77.6
02 % | 17.6 17.8 17.9 18.2 18.6 19.2
C02 % | 2.06 1.93 1.84 1.67 1.36 0.969
CO ppm | 744. 696. 666. 604. 492, 350.
TUHC. % [5.508E-08 3.028E-08 7.125E-09 1.352E-09 1.058E-10 1.107E-12
H20 % | 3.98 3.74 3.59 3.28 2.72 2.02
0D 1/m |- 3.49 3.53 3.83 3.58 2.96 2.11
Lower layer species
N2 % | 78.7 78.4 78.3 78.1 78.1 79.1
02 % | 20.3 20.0 19.9 19.7 19.6 20.7
C02 % | 0.264 0.432 0.527 0.674 0.681 3.718E-13
CO ppm | 95.6 156. 190. 244. 246. 3.075E-10
TUHC % |7.221E-12 6.543E-11 2.013E-10 1.785E-11 8.509E-12 0.000
H20 % | 0.749 1.05 1.22 1.49 1.50 0.273
0D 1/m | 0.584 1.16 1.48 1.88 1.83 1.895E-12

38



~ Time = 1320.0 seconds.

Upper layer species

N2 % | 759.7 76.0 76.3 76.6 77.1 77.6

02 % | 17.3 17.5 17.8 18.2 -18.6 +19.2

02 % | 2.28 2.09 1.90 1.67 1.36 1.00

CO ppm | 823. 754. 685. 605. 492, 362.
TUHC % | 7.455E-08 5.266E-08 2.689E-08 1.126E-08 2.434E-09 8.496F-11
H20 % | 4.38 4.03 3.69 3.29 2.72 2.08

0D 1/m | 3.92 3.85 4.00 3.64 2.98 2.19

Lower layer species

N2 % 78.3 77.8 77.7 77.9 77.9 79.1

02 %] 19.9 19.4 19.3 19.5 19.5 20.7

€02 % | 0.538 0.852 0.927 0.776 0.765 3.713E-13
CO ppm | 194, 308. 335. 281. 276. 3.677E-10"
TUHC % | 9.670E-10 3.385E-09 4.619E-09 6.053E-10 5.366E-10 0.000
H20 % | 1.24 1.81 1.94 1.67 . 1.65 0.273

0D i/m | 1.25 2.40 2.66 2.09 2.00 2.363E-12

Time = 1380.0 seconds.
Upper layer species

N2 % | 75.3 75.7 76.1 76.5 77.0 77.6

02 % | 16.8 17.2 17.6 18.1 18.6 19.1

€02 % | 2.55 2.30 2.02 1.73 1.38 1.03

€O ppm | 922. 832. 731. 625. 500. 373.

TUHC % | 9.527E-08 7.027E-08 4.372E-08 2.334E-08 7.523E-09 4.849E-10
H20 % | 4.87 4.42 3.91 3.39 2.76 2.13

0D 1/m | 4.34 4.21 4.28 3.79. 3.05. 2.26 ..

Lower layer species

N2 %] 77.8 77.3 77.3 77.8 77.8 79.1

02 % | 19.3 18.9 18.9 19.4 19.4 20.7

€02 % | 0.883 1.19 1.20 0.845 0.836 3.719€E-13
CO ppm | 319. 431. 433, 305. 302. 4.239E-10
TUHC % | 7.455E-09 1.333E-08 1.356E-08 2.370E-09 2.399E-09 0.000
H20 % | 1.86 2.42 2.43 1.79 1.78 0.273

oD /m | 2.17 3.44 3.33 2.33 2.24 3.097E-12
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Time

= 1440.0 seconds.
Upper layer species
N2 % | 75.0 75.4 75.9 76.4 77.0 77.5
02 % | 16.5 16.9 17.4 17.9 18.5 19.1
2 % | 2.78 2.49 2.17 1.82 1.43 1.06
CO ppm | 1.003E+03 900. 784, 657. 516. 384,
TUHC % | 1.172E-07 8.994E-08 6.031E-08 3.534E-08 1.372E-08 1.331E-09
H2Z0O % | 5.27 4.76 4.18 3.55  2.84 2.19
00D 1/m | 4.72 4,56 4.60 4.00 -3.16 2.34
Lower layer species
N2 % 77.1 77.1 77.1 77.7 - 77.7 79.1
02 % | 18.6 18.6 18.6 19.3 19.3 20.7
€02 % | 1.36 .- 1.35 1.35 0.907 0.903 3.726E-13
CO ppm | 491. 489. 488. 328. 326. 4_.663E-10
TUHC % | 2.900E-08 2.279E-08 2.287E-08 5.067E-09 5.256E-09 0.000
H20 % | 2.72 2.71 2.70 1.90 1.90 0.273

b 1/m | 3.21 3.98 3.85 2.65 2.54 4.299€-12

Time = 1500.0 seconds.

Upper layer species

N2 % | 747 75.1 75.7 76.3 76.9 77.5

02 % | 16.2 16.6 17.2 17.8 18.4 19.0

€02 % | 3.00 2.68 2.32 1.92 1.48 1.10

CO ppm | 1.084E+03 970. 839. 694. 536. 396.

TUHC % | 1.315E-07 1.062E-07 7.630E-08 4.735E-08 2.037E-08 2.621E-09
H20 % | 5.67 5.10 4.45 3.73 2.94 2.24

0D 1/m | 5.25 4.78 4.96 4.23 3.30 2.42 .

Lower layer species

N2 % | 76.4 76.9 76.9 77.6 77.6 79.1

02 %| 17.9 18.4 18.4 19.2 19.2 20.7

€02 % | 1.8 1.48 ©1.48 0.975 0.981 3.719E-13
CO ppm | 661, 536. 536. 352. 354, 5.369E-10
TUHC % | 5.676E-08 3.245E-08 3.268E-08 8.370E-09 8.709E-09 0.000
H20 % | 3.56 2.94 2.94 2.03 2.04 0.273

0D 1/m | 4.19 4.31 4.33 2.96 2.84 6.010E-12
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Time

=.1560.0 seconds.

Upper layer species

N2 %] 74.3 74.9 75.4 76.1 76.8 77.4

02 % | 15.8 16.4 17.0 17.6 18.3 . 19.0

oz % | 3.23 2.88 2.48 2.03 1.5 . 1.13

CO ppm | 1.167E+03 1.040E+03 896. 734. 560. 408.

-TUHC % | 1.402E-07 1.168E-07 8.909E-08 5.817E-08 2.709E-08 4.330E-09
H20 % | 6.08 5.45 4.74 3.93 3.06 2.31

0D 1/m | 5.62 5.16 5.31 4.48 3.47 2.50

Time

Lower layer species

N2 % | 75.8 76.7 76.7 77.5 77.5 79.1
02 % | 17.3 18.2 18.2 19.1 19.1 20.7
€02 % | 2.26 1.63 1.64 1.06 1.08 3.754E-13 .
CO ppm | 815. . 589, 592. 383. 389. 6.166E-10
TUHC % | 8.221E-08 4.251E-08 4.298E-08 1.225E-08 1.290E-08 0.000
H20 % | 4.33 3.21 3.22 2.18 2.21 0.273
0D I/m | 4.96 7.61 4.63 3.32 3.15 8.801E-12
= 1620.0 seconds.
Upper layer species
N % | 74.0 74.6 75.2 75.9 76.7 77.4
02 % | 15.5 16.1 16.7 17.4 18.2 18.9
€02 % | 3.45 3.07 2.64 2.15 1.62 1.17
CO ppm | 1.246E+03 1.108E+03 955. 777. 587. 421.
TUHC % | 1.522E-07 1.274E-07 9.968E-08 6.726E-08 3.338E-08 6.406E-09
H20 % | 6.48 5.79 5.03 4,14 3.19 2.37
0D 1/m | 5.88 5.63 5.65 4.76. . 3.64 2.59
Lower layer species
N % | 75.2 76.4 76.4 77.3 77.3 79.1
02 % | 16.7 17.9 17.9 18.9 18.9 20.7
€02 % | 2.64 1.81 1.82 1.17 1.21 3.863E-13
CO ppm | 954. 655. 660. 424, 436. 6.626E-10
TUHC % | 1.039E-07 5.313E-08 5.374E-08 1.674E-08 1.782E-08 0.000
H20 % | 5.02 3.54 3.56 2.38 2.44 0.273

0D 1/m | 5.66 6.91 5.24 3.73 3.53 1.177€-11
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Time

Time

= 1680.0 seconds.
Upper layer species
N2 % | 73.7 74.3 '75.0 ©75.7 76.6 77.3
02 % | 15.2 15.8 16.5 . 17.3 18.1 18.9
€02 %} 3.66 3.25 2.80 . 2.27.  1.70 1.21
CO ppm | 1.323E+03 1.176E+03 1.013E+03 820. 615. 436.
TUHC % | 1.608E-07 1.361E-07 1.090E-07 7.527E-08 3.915E-08 8.781E-09
H20 % | 6.86 6.13 5.32 - 4.36 3.33 2.44
oD 1/m | 6.19 6.02 6.02 5.04 3.83 2.68
Lower layer species
N2 % | 74.7 76.1 76.1 77.1 77.1 79.1
02 % | 16.2 17.6 "~ 17.6 18.7 18.6 20.7
€02 % | 3.01 2.03 2.06 1.32 1.37 3.906E-13
CO ppm | 1.086E+03 735. 743. 478, 497, 6.747€-10
TUHC % | 1.235E-07 6.479E-08 6.594E-08 2.196E-08 2.370E-08 0.000
H20 % | 5.68 3.93 3.97 2.65 - 2.75 0.273
00 1/m | 6.17 5.60 6.24 4.48 4.26 1.341E-11
= 1740.0 seconds.
Upper layer species
N2 % | 73.4 74.0 74.7 75.6 76.5 77.2
02 %] 14.9 15.5 16.2 17.1 18.0 18.8
€02 % | 3.86 3.43 2.96 2.39 1.78 1.25
CO ppm | 1.396E+03 1.241E+03 1.071E+03 864. 644. 451.
TUHC % | 1.736E-07 1.473E-07 1.181E-07 8.257E-08 4.452E-08 1.140E-08
H20 % | 7.22 6.45 5.61 4.58 3.48 2.52
OD I/m | 6.46 6.42. 6.35. . .5.33: 4,03.. - 2.79.
Lower Tayer species
N2 %] 74.2 75.7 75.7 77.0 77.0 79.1
02 % | 15.7 17.2 17.2 18.6 18.6 20.7
co2 % | 3.35 2.28 2.32 1.40 1.41 3.914E-13
CO ppm | 1.210E+03 825. 838. 507. 510. 6.760E-10
JUHC % | 1.428E-07 7.808E-08 8.022E-08 2.549E-08 2.602E-08 0.000
H20 % | 6.30 4,38 4.45 2.80 2.81 0.273
0D 1/m | 6.67 6.96 8.46 4.85 2.08 1.686E-11
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Time

- Time

= 1800.0 seconds.

Upper layer species .

N %] 73.1 73.8 74.5 75.4 76.3 77.2

02 % | 14.6 15.2 16.0 16.9 17.9 18.7

c0z % | 4.07 3.62 3.12 2.52 1.87 1.29

CO ppm | 1.470E+03 1.307E+03 1.129E+03 909. 675. 467.

TUHC % | 1.839E-07 1.567E-07 1.275E-07 9.015E-08 4.984E-08 1.423E-08

H20 % | 7.59 6.78 5.90 4.80 3.63 2.60

0D 1/m | 6.79 6.72 6.70 5.62 4.24 2.90

Lower layer species

N2 % | 73.6 74.9 74.9 -77.0 77.0 79.1

02 % | 15.1 16.5 16.4 18.5 18.6 20.7

€02 % | 3.70 2.81 2.86 1.44 1.41 3.914E-13
CO ppm | 1.338E+03 1.017E+03 1.034E+03 521. 510. 6.760E-10
TUHC % | 1.630E-07 1.093E-07 1.121E-07 2.779E-08 2.602E-08 0.000
H2Z0 % | 6.94 5.34 5.42 2.87 2.81 0.273

0D 1/m | 7.02 4.16 6.47 0.551 0.183 2.619E-11
= 1860.0 seconds.

Upper layer species

N2 % | 72.8 1 73.5 74.3 75.2 76.2 77.1

02 % | 14.3 15.0 15.7 16.7 .17.7 18.7

C02 % | 4.26 3.80 3.29 2.64 1.96 1.34

CO ppm | 1.540E+03 1.372E+03 1.188E+03 956. 707. 485.

TUHC % | 1.892E-07 1.626E-07 1.351E-07 9.718E-08 5.518E-08 1.729E-08
H20 % | 7.94 7.10 6.19 5.03 3.79 2.69

0D i/m | 7.07 6.98 7.Q3 5.91. 4.45 3.02 .
Lower layer spécies

N % | 73.2 74.4 74.4 76.5 77.0 79.1

02 % | 14.7 15.9 15.9 18.1 18.6 20.7

€0z % | 3.98 3.17 3.19 1.72 1.41 3.914E-13
CO ppm | 1.438E+03 1.145E+03 1.153E+03 622. 510. 6.760E-10
TUHC % | 1.750E-07 1.293E-07 1.304E-07 4.395E-08 2.603E-08 0.000
H20 % | 7.43 5.98 6.02 3.37 2.81 0.273

00 1/m | 7.22 4.16 6.53 8.245E-02 1.592E-02 2.619E-11
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Time = 1920.0 seconds.

Upper layer species

N2 % | 72.6 73.3 74.0 75.0 76.1 77.0

02 % | 14.0 14.7 15.5  16.5 17.6 18.6

02 % | 4.44 3.96 3.4 2,77 2.05 1.40

CO ppm | 1.605E+03 1.433E+03 1.244E+03 1.001E+03 739. 504.

TUHC % | 1.977E-07 1.716E-07 1.427€-07 1.036E-07 6.024E-08 2.055E-08
H20 % | 8.26 ~ 7.41 6.47 5.26 3.95 2.78

0D 1/m |  7.23 17.33 7.32 '6.20 4.67 3.15

.

Lower layer species

N2 % | 72.9 74.1 74.1 75.4 77.0 79.1

02 % | 14.4 15.6 15.6 16.9 18.6 20.7

02 % | 4.19 3.36 - 3.38 2.48 1.41 3.914E-13
CO ppm | 1.513E+03 1.216E+03 1.221E+03 898. 510. 6.760E-10
TUHC % | 1.853E-07 1.388E-07 1.396E-07 8.740E-08 2.600E-08 0.000
H0 % | 7.81 6.33 6.35 4.74 2.81 0.273

00 1/m | 7.51 7.37 6.43 4.051E-02 1.360E-03 2.619E-11

Time = 1980.0 seconds.

Upper layer spécies

N2 % | 72.3 73.0 73.8 74.8 75.9 76.9

02 % | 13.8 14.5 15.3 16.3 17.5 18.5

€02 % | 4.61 4.12 3.59 2.89 2.13 1.45

CO ppm | 1.665E+03 1.490E+03 1.299E+03 1.046E+03 772. 525.

TUHC % | 2.034E-07 1.775E-07 1.498E-07 1.097E-07 6.508E-08 2.396E-08
H20 % | 8.56 7.69 6.74 5.48 4.11 2.89

0D 1/m | 7.50 . 7.57 7.62 6.46 - 4.88 3.29:
Lower layer species

N % | T72.7 73.9 73.9 74.9 77.0 79.1

02 % | 14.1 15.4 15.4 16.4 18.6 20.7
€02 % | 4.37 3.52 3.54 2.83 1.41 3.914E-13
CO ppm | 1.579E+03 1.273E+03 1.278E+03 1.023E+03 510. 6.760E-10
TUHC % | 1.932E-07 1.465E-07 1.471E-07 1.065E-07 3.935E-08 0.000
H20 % | 8.14 6.61 6.64 5.37 2.81 0.273

0D 1/m | 7.80 3.62 6.26 3.511E-02 1.127E-04 2.586E-11
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Time = 2040.0 seconds.

Upper layer species -

N % | T72.1 72.8 73.6 74.7 - 75.8 76.9

02 % | 13.5 14.3 - 15.1 16.2 17.3 18.4

C02 % | 4.76 4.28 3.74 3.01 2.22 1.51

CO ppm | 1.721E+03 1.545£+03 1.351E+03 1.089E+03 804. 546.

TUHC % | 2.102E-07 1.844E-07 -1.562E-07 1.155E-07 6.983E-08 2.752E-08
H20 % | 8.84 7.97 7.00 5.70 4.28 2.99

00 1/m | 7.70 7.79 7.91 6.72 5.09 3.44

Lower layer species

N % | 72.4 73.7 73.7 74.7 77.0 79.1

02 % | 13.9. 15.2 15.2 16.2 18.6 20.7 -

C02 % | 4.54 3.67 3.68 2.98 1.41 3.914€-13
€O ppm | 1.640E+03 1.326E+03 1.331E+03 1.077E+03 510. 6.760E-10
TUHC % | 2.002E-07 1.532E-07 1.538E-07 1.139E-07 1.647E-07 -0.000
H20 % | 8.44 - 6.88 6.90 5.64 2.81 0.273

0D 1/m | 8.00 5.31 7.45 '3.717E-02 9.468E-06 2.619E-11

Time = 2100.0 seconds.

Upper layer species

| 71.9  72.6 73.4 74.5 75.7 76.8

N %

02 % | 13.3 14.0 14.9 16.0 17.2 18.3

oz % | 4.91 4.42 3.88 3.13 2.31 1.57

CO ppm | 1.775E+03 1.598E+03 1.401E+03 1.132E+03 836. 569.
TUHC % | 2.172E-07 1.913E-07 1.623E-07 1.209€-07 7.440E-08 3.119E-08
H20 % | 9.11 8.23 7.25 " 5.91 4.44 - 3.11

0D 1/m | 7.94 7.98 8.18 6.97 5.31 3.59

Lower layer species

N2 % | 72.2 73.5 73.5 74.5 77.0 79.1

02 % | 13.6 15.0 14.9 16.0 18.6 20.7

oz % | 4.70 3.81 3.82 3.10 1.41 3.914E-13
CO ppm | 1.697E+03 1.377E+03 1.382E+03 1.120E+03 510. 6.760E-10
TUHC % | 2.070E-07 1.593E-07 1.598E-07 1.195E-07 1.956E-06 0.000
H20 % | 8.72 7.13 7.15 5.85 2.81 0.273

0D 1/m | 8.15 4.23 7.72 3.897E-02 7.708E-07 2.619E-11
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Time = 2160.0‘seconds.

~Upper layer species

N % | 71.7 - 72.4 73.2 74.3 75.5 76.7
02 % | 13.1 13.8 . 14.7 15.8 17.1 18.2
€02 % | 5.05 4.56 4.01 3.24 2.40 1.64
CO ppm | 1.826E+03 1.647E+03 1.448E+03 1.172E+03 869. 592.
_TUHC % | 1.446E-07 1.496E-07 1.512E-07 1.212E-07 7.823E-08 3.495E-08
H20 % | 9.36 8.47° - 7.48 6.11 4.60 3.22

0D 1/m | 8.09 8.23 - 8.43 . 7.22 5.52 3.76

Lower layer species

N %] 72.0 73.3 73.3 74.4  77.0 79.1

02 % | 13.4 14.8 14.7 15.9 18.6  20.7

C02 % | 4.84 3.95 3.96 3.21 1.41 3.914€-13 .
CO ppm | 1.750E+03 1.426E+03 1.430E+03 1.162E+03 510. 6.760E-10
TUHC % | 1.732E-07 1.574E-07 1.562E-07 1.219E-07 2.445E-05 0.000

H20 % | 8.98 7.37 7.39 6.06 2.81 0.273

0D 1/m | 8.31 8.13 7.52 4.430E-02 6.164E-08 2.619E-11

Time = 2220.0 seconds.

“Upper layer species

N2 % | 7L.5 7.2 73.0 74.2 75.4  76.6

02 % | 12.9 13.7 14.5 15.7 16.9 18.1

coz % | 5.18 4.68 4.13 3.35 2.49 1.71

CO ppm | 1.872E+03 1.693E+03 1.493E+03 1.210E+03 900. 617.

TUHC % | 1.305E-07 1.352E-07 1.369E-07 1.144E-07 7.889E-08 3.859E-08
H20 % | 9.59 8.70 7.71 6.30 4.75 3.34

0D 1/m | 8.26 8.49 . 8.66. 7.45 5.72 3.92

Lower layer species

N % | 71.8 73.1 73.1 74.2 6.26 79.1
02 % | 13.2 14.6  14.5 15.7 1.51 20.7
02 % | 4.97 4.07 4.08 3.32 0.115  3.914E-13

CO ppm | 1.798E+03 1.472E+03 1.476E+03 1.200E+03 41.5 6.760E-10
TUHC % | 1.479E-07 1.433E-07 1.420E-07 1.164E-07 2.516E-05 0.000

H20O % | 9.22 = 7.60 7.62 6.25 0.229 0.273
0D 1/m | 8.69 4.86 8.01 4.001E-02 4.876E-09 2.568E-11
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Time = 2280.0 seconds.

Upper layer species

N2 % | 71.3 72.0 72.8 74.0 75.3 76.5

02 % | 12.7 13.5 14.3 15.5 16.8 18.0

c02 % | 5.30 . 4.81 4.25 3.45 2.58 1.77

CO ppm | 1.916E+03 1.737E+03 1.536E+03 1.248E+03 931. 641.

TUHC % | 1.217E-07 1.241E-07 1.254E-07 1.073E-07 7.770E-08 4.190E-08
H20 % | 9.81 8.92 7.92 6.49 4.91 3.47

0D 1/m | 8.54 8.58 8.91 7.67 5.92 4.09

Lower layer species

N % | 71.6 72.9 72.9 74.1 0.494 79.1

02 % | 13.0 14.4 14.4 15.5 0.119 20.7

02 % | 5.10 . 4.19 4.20 - 3.43 9.049E-03 3.914E-13
CO ppm | 1.845E403 1.516E+03 1.520E+03 1.238E+03 3.27 6.760E-10
TUHC % | 1.323E-07 1.307E-07 1.296E-07 1.092E-07 2.516E-05 0.000
H20 % | 9.46 7.82 7.84 6.44 1.804E-02 0.273

0D 1/m | 8.8 8.56 8.03 4.415E-02 3.830E-10 2.619E-11

Time = 2340.0 seconds.

Upper layer species

N % | T71.1 71.9 72.7 73.9 75.2 76.4

02 % | 12.5 13.3 14.1 15.3 16.7 17.9

€02 % | 5.42 4.92 4.36 3.56 2.66 1.85

CO ppm | 1.959E+03 1.779E+03 1.577E+03 1.285E+03 962. 667.

TUHC % | 1.150E-07 1.162E-07 1.167E-07 1.011E-07 7.590E-08 4.481E-08
H20 % | 10.0 9.13 8.12 6.67 5.06 3.59

0D 1/m | 8.64 8.83: 9:14 7.90 6.13- 4.27

Lower layer species

71.4 72.8 72.7 73.9 3.862E-02 79.1

N2 % |
02 % | 12.8 14.2 14.2 15.4 9.305E-03 20.7
02 %[ 5.23 4.31 4.32 3.53  7.075E-04 3.914E-13

CO ppm | 1.889E+03 1.558E+03 1.561E+03 1.275E+03 0.411 6.760E-10
TUHC % | 1.225E-07 1.208E-07 1.200E-07 1.027€E-07 2.516E-05 0.000

H20 % | 9.68 8.03 8.05 6.62 1.411E-03 0.273
0D 1/m | 9.01 20.5 7.96 4.,998E-02 3.969E-11 2.619E-11
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Time

Time

= 2400.0 seconds. '

Upper layer species

N2 % | 71.0 71.7 72.5 | 73.7 75.0 76.3

02 % | 12.4 13.1 14.0 15.2 16.6 17.8

C02 % | 5.53 5.03 4.47 3.65 2.75 1.92

CO ppm | 1.998E+03 1.818E+03 1.616E+03 1.320E+03 992. 693.

TUHC % | 1.090E-07 1.102E-07 1.095E-07 9.584E-08 7.415E-08 4.733E-08
H20 % | 10.2 9.33 8.32 6.85 5.21 3.72

0D 1/m | 8.78 9.07 9.34 8.12 6.33 4.44

Lower layer species

N2 % | 71.3 72.6 72.6 73.8 2.994E-03 79.1

02 % | 12.7 14.0 ©14.0 15.2 7.210E-04 20.7

c02 % | 5.34 4.42 4.43 ©3.63 5.567E-05 3.914E-13 -
€O ppm .929E+03 1.598E+03 1.601E+03 1.311E+03 0.144 6.760E-10

—_—

1.151E-07 1.128E-07 1.121E-07 9.723E-08 2.516E-05 0.000
H20 % | 9.88 8.23 8.24 6.80 1.126E-04 0.273
0D 1/m | 9.30 5.56 8.85 4 651E-02 1.143E-11 2.619E-11
= 2460.0 seconds.

Upper layer species

N2 % | 70.8 71.5 72.4 73.6 74.9 . 76.2

02 % | 12.2 13.0 13.8 15.1 16.4 17.7
C02 % | 5.64 5.14 - 4.58 3.75 2.83 1.99
CO0 ppm

2.037E+03 1.856E+03 1.654E+03 1.354E+03 1.022E+03 719.
I

1.031€E-07 1.042E-07 1.036E-07 9.147E-08 7.262E-08 4.951E-08
H20 % | 10.4 9.51 8.51 7.01 5.36 3.85
0D 1/m | 9.01. 9.24. 9.56 8.33 6.53 4.62

Lower layer species

N2 % | 71.1 72.4 72.4 73.6 2.317E-04 79.1

02 % | 12.5 13.9 13.9 15.1 5.941E-05 20.7

€02 % | 5.45 4.53 4,54 3.72 1.482E-05 3.914E-13
CO ppm

| 1.970£+03 1.636E+03 1.640E+03 1.3456+03 0.141  6.760E-10
TUHC % |

1.086E-07 1.063E-07 1.057E-07 9.272E-08 2.473E-05 0.000
H20 % | 10.1 8.42 - 8.44 6.97 3.200E-05 0.273
0D 1/m | 9.47 3.05 8.62 4.315E-02 1.123E-11 2.533E-11
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Time

_Time = 2520.0 seconds.

Upper layer species

N % | 70.7 71.4 72.2 73.4  74.8 76.0

02 % | 12.1 12.8 13.7 14.9 16.3 17.6

€02 % | 5.74 5.24 4.68 - 3.84 2.91 2.06

CO ppm | 2.074E+03 1.893E+03 1.691E+03 1.389E+03 1.053E+03 746.

TUHC % | 9.637E-08 9.828E-08 9.837E-08 8.784E-08 7.140E-08 5.140E-08

H20 % | 10.6 9.70 8.69 7.19 5.2~ 3.99

0D 1/m | 9.07 9.45 9.76 8.55 6.73 4.81

Lower layer species

N2 % | 70.9 72.3 72.3 73.5 - 3.569E-05 79.1

02 % | 12.3 13.7 13.7 14.9 1.518E-05 20.7

€02 % | 5.56 4.63 4.64 3.82 8.989E-06 3.914E-13-
CO ppm | 2.008E+03 1.673E+03 1.677E+03 1.380E+03 0.141 6.760E-10
TUHC % | 1.029€-07 1.008E-07 1.003E-07 8.888E-08 2.473E-05 0.000
H2Z0 % | 10.3 8.60 8.62 7.14 2.197E-05 0.273

0D 1/m | 9.47 21.8 8.19° ~ -5.122E-02 1.113E-11 2.590€E-11
= 2580.0 seconds.

Upper layer species

N2 % | 70.5 71.3 72.1 73.3 74.7 75.9

02 % | 11.9 12.7 . 13.5 14.8 16.2 17.5.

€02 % | 5.83 5.34 4.77 3.93 3.00 2.14

CO ppm | 2.108E+03 1.929E+03 1.726E+03 1.421E+03 1.083E+03 773.

TUHC % | 9.439E-08 9.540E-08 9.408E-08 8.461E-08 7.032E-08 5.304E-08

H20 % | 10.8 9.87 8.86 7.35 - 5.66 4,12

0D i/m | 9.36 9.53  9.97 8.75 6.93 - 5.00
Lower layer species

N2 % | 70.8 72.1 72.1 73.3 1.413E-05 79.1

02 % | 12.2 13.6 13.6 14.8 1.236E-05 20.7

C02 % | 5.66 4,73 4,74 3.91 8.989E-06 3.914E-13

CO ppm | 2.045E+03 1.709E+03 1.712E+03 1.413E+03 0.141. - 6.760E-10

TUHC % | 9.877E-08 9.590E-08 9.553E-08 8.547E-08 2.473E-05 0.000

H20 % | 10.5 8.78 8.80 7.31 2.197E-05 0.273

0D 1/m | 9.68 4,49 8.13 5.058E-02 1.115E-11 2.601E-11
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Time = 2640.0 seconds.

Upper layer species

N2 % | 70.4 7.1 71.9 73.2  74.6 75.8
02 % | 11.8 12.5 13.4 14.6 16.1 17.3
c02 % | 5.93 5.43 - 4.87 4.02 3.08 2.22

CO ppm | 2.142E+03 1.963E+03 1.760E+03 1.453E+03 1.112E+03 801.

TUHC % | 9.092E-08 9.210E-08 9.096E-08 8.221E-08 6.948E-08 5.446E-08
H20 % | 10.9 10.0 9.03 7.50 5.81 4.26

0D 1I/m | 9.65 9.56 10.2 8.94 7.13 5.19

Lower layer species

N2 % | 70.6 72.0 72.0 73.2 1.413E-05 79.1

02 % | 12.0 13.4 13.4 14.7 1.236E-05 20.7

€02 % | 5.76 4.82 4.83 4.00 8.989E-06 3.914E-13
CO ppm | 2.081E+03 1.743E+03 1.747E+03 1.444E+03 0.141 6.760E-10
TUHC % | 9.549E-08 9.239E-08 9.209E-08 8.294E-08 2.473E-05 0.000
H20 % | 10.6 8.95 8.97 7.46 2.197E-05 0.273

0D 1/m | 9.85 4.46 8.51  4.564E-02 1.120E-11 2.564E-11

= 2700.0 seconds.

Upper layer species

N2 % | 70.3 71.0 71.8 73.1 74.4 75.7
02 % | 11.7 12.4 13.2 14.5 15.9  17.2
2 % | 6.02 5.52 4.96 4.11 3.16 2.29
CO ppm | 2.176E+03 1.996E+03 1.792E+03 1.484E+03 1.142E+03 828.
TUHC % | 8.927E-08 8.879E-08 8.795E-08 8.020E-08 6.888E-08 5.571E-08
H20 % | 11.1 10.2 9.20 7.66 5.96 4.40
0D 1/m | 9.56 9.90 10.3 9.14  7.33 5.38
~ Lower layer species
N2 % | 70.5 71.9 71.9 - 73.1 1.413E-05 79.1
02 % | 11.9 13.3 13.3 14.5 1.236E-05 20.7
. C02 % | 5.85 4.92 4.92 4.08 8.989E-06 3.914E-13
CO ppm | 2.113E+03 1.777E+03 1.780E+03 1.476E+03 0.141 6.760E-10
TUHC % | 9.225E-08 8.933E-08 8.906E-08 8.080E-08 2.473E-05 0.000
H20 % | 10.8 9.12 9.13 7.62 . 2.197E-05 0.273
0D 1/m | 10.1 6.97 9.83 5.219E-02 1.123E-11 2.619E-11

S0



145.7
754.7

2.4
10.7

4.7
26.1
123.3

2.4

9.8
3.0
23.8.

72.6

2.4
24.4

3.0
59.5
181.4

3.0

18.6

3.0
6.1

Run 8/5/94
56.7

3.0
3.0
6.1
9.3
56.7

Number of compartments
Width
Depth
Height
Area
Volume

Fast V 18.5 Created 5/1/91,
FLOOR PLAN

- O
O <

— <t
W o

< <
O ™M

- O
.« e
o ™M

— O
o ™M

Ceiling
Floor

NORMAL CONNECTIONS

0.00
0.00
0.00
0:00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
2.44
3.05
0.00
2.44
4.13
0.01

0.00
0.00
2.44
6.10
3.36
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
2.44
0.00
0.00
0.00
2.44
2.74
0.00
0.00
0.00
0.00

51

6.10
3.05
0.00
0.00
2.44
6.10
3.05
0.00
0.00
0.00
0.00
0.00
- 0.00

0.00
0.00
3.05
3.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

a.Soffit =
a.Sill

a.Soffit
Width

a.5il1

Width
a.Soffit

a.5il

Width
a.Soffit

a.Sil

Width
a.Soffit

Soffit
a.Soffit
a.Sill
2 (1) Width
Soffit
Sil
Soffit
Sil
Soffit
Sill
Soffit
Sin
Soffit
Sill
a.Sill

1 (1) Width
Sil

4(1)
5 (1)
6 (1)

3 (1)
THERE ARE NO FAN CONNECTIONS



Compartment of origin is

Print interval (seconds) : .

Number of fire specification intervals is

Total time (seconds)

Fire position

Limiting oxygen index (%) =

Initial relative humidity (%) =

Fire type is a SPECIFIED (CONSTRAINED)

Pyrolysis temperature (K) =

Ambient air temperature (K) =

Ambient reference pressure (Pa) =

Reference elevation (m) = :

Fmass= 0.0 1.9E-03 3.5E-03 4.8E-03
9.6E-03 1.0E-02 1.1E-02 1.1E-02

Hcomb=  3.3E+07 3.3E+07 3.2E+07 3.2E+07
3.2E+07 3.3E+07 3.3E+07 3.3E+07

Fqdot= 0.0 6.2E+04 1.1E+05 1.6E+05

3.1E+05 3.4E+05 3.5E+05 3.5E+05
‘Fhigh= 0.0 0.0 0.0 0.0
0.0 0.0 0.0

C/C02=  3.4E-02 3.4E-02 3.4E-02 3.4E-02
3.4E-02 3.4E-02 3.4E-02 3.4E-02

C0/C02= 2.3E-02 2.3E-02 2.3E-02 2.3E-02
2.3E-02 2.3E-02 2.3E-02 2.3E-02

H/C= 0.3 0.3 0.3 0.3

0.3 0.3 0.3

Ftime= 1.0E+02 1.0E+02 1.0E+02 1.0E+02

5.0e+02  6.0E+02

1
60
12
2700

3.
10.0

1.0

300.
300.

101300.

5.8E-03
3.3E+07
1.9E+05
0.0

3.4E-02
2.3E-02
0.3

1.0E+02
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0.0
6.7E-03

3.3E+07

2.2E+05

0.0

3.4E-02

2.3E-02

0.3

1.0E+02

7.5E-03
3.2E407
2.4E+05
0.0
3.4Ej02
2.3E-02
0.3

1.0E+02

8.1E-03

3.2E407

2.6E+05

0.0

3.4E-02

2.3E-02

0.3

2.0E+02

8.9E-03

3.3E+07

2.9E+05

0.0 0.0

3.4E-02

2.3E-02

0.3 0.3

2.0E+02 5.0E+02



Time = 0.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 60.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 120.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

337.4
300.6

9.5

1.0
300.8
300.6
300.0

300.0 -

316.3
300.2
17.1
0.9
300.2
300.2
300.0
300.0

339.2

301.5
18.3
1.0

301.2

.300.9

300.1
300.1

300.0
300.0

300.0
300.0
300.0
300.0

311.8
300.0
46.0
0.8
300.2
300.2
300.0
300.0

53

300.0
300.0

O =

300.0
300.0
300.0
300.0

301.9
300.0

o~

9

0.
300.0
300.0

300.0

300.0

300.0
300.0

300.0
300.0 -
300.0
300.0

300.0
300.0

w O

6

0.
300.0
300.0
300.0
300.0

300.0

'300.0

300.0
300.0
300.0
300.0



Time = 180.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 240.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 300.0 seconds.

Upper- temp (K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
~Floor temp(K)

394.3
301.0
10.0
1.1
305.4
304.0
300.3
300.3

412.1
300.8
10.8

1.2

308.1
306.1
300.4
300.4

425.1
300.8
11.7

310.9
308.2
300.6
300.6

1.3

354.1
300.8
20.1
1.1
302.5
301.9
300.3
300.3

363.3
300.6
22.8
1.2
303.9
302.9
300.5
300.5

370.7
301.0
25.0
1.3
305.2
303.9
300.7
300.7

318.0

300.3

67.7
1.1
300.6
300.4
300.1
300.1

323.0
300.8
80.5
1.4
301.0
300.7
300.1
300.1

327.6
301.6
88.7
1.5
301.5
301.1
300.2
300.2
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305.6
300.0
24.7
1.0
300.1
300.1
300.0
300.0

309.5
300.7
32.5
1.4
300.3
300.2
300.0
300.0

312.9
301.8
35.5
1.5
300.5
300.4
300.1
300.1

300.3
300.0
32.3
1.2
300.0
300.0
300.0
300.0

301.3

300.0
58.5
2.2
300.0
300.0
300.0
300.0

303.0
300.6
60.7
2.3
300.1
300.0
300.0
300.0

300.0
300.0
10.4
0.1
300.0
300.0
300.0
300.0

300.0
300.0
48.0
0.3
300.0
300.0
300.0
300.0

300.1
300.0
118.2
0.8
300.0
300.0

.300.0

300.0



Time = 360.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 420.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 480.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

436.8
301.2
12.1

1.3

313.6
310.4
300.7
300.7

449.2
302.1
12.1

1.3 .

316.4
312.6
300.9
300.9

462.1 -

303.3
11.8
1.3
319.4
315.0
301.2

301.1

377.9
302.0
25.9
1.4
306.6
304.9
300.9
300.9

385.6
303.4
25.9
1.4
308.0
306.0
301.1
301.1

393.4
304.8
25.1
1.4
309.5
307.1
301.4
301.3

332.0
303.0
91.7
1.5
302.0
301.5
300.3
300.3

336.0
304.7
91.0
1.5
302.5
301.9
300.4
300.4

339.7
306.0
88.3
1.5
303.1
302.3
300.5
300.5
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316.5
303.3-

35.2
1.5
300.7
300.6
300.1

©300.1

319.6
304.3
34.4
1.4
301.0
300.8
300.2
300.2

322.4
304.9
33.3
1.4
301.3
301.0
300.3
300.2

305.0
301.4
60.2
2.3
300.1
300.1
300.0
300.0

307.0
302.0
60.2
2.3
300.2
300.2
300.0
300.0

308.8
302.1

- 19.9

2.3
300.3
300.3
300.1
300.0

300.3
300.0

- 204.4

1.4
300.0
300.0
300.0
300.0

300.7
300.0
277.1

1.9
300.0
300.0
300.0
300.0

301.2
300.0
335.2
2.3
300.0
300.0
300.0
300.0



Time = 540.0 seconds.

Upper temp(K)
“Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 600.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol({m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)”

Time = 660.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

473.6

304.3 -

11.5
1.2
322.6
317.5
301.4
301.4

484.4
305.1
11.2
1.2
325.8
320.1
301.7
301.6

492.7
305.6
11.0
1.2
328.9
322.7
301.9
301.9

400.9 -

305.8
24.3
1.3
311.1
308.4
301.6
301.6

407.7

306.3
23.4
1.3
312.7
309.6
301.9
301.8

413.5
306.4
22.8
1.2
314.3
310.9
302.2
302.1

343.2
306.8
84.8
1.4
303.7
302.7

300.6
300.6

346.2

307.0
81.4
1.4
304.2
303.2
300.8
300.6

348.8
306.7
78.7
1.3
304.8
303.6
300.9
300.7
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324.9
305.0

32.2

1.4

301.7
301.3
300.3
300.2

327.0
304.7

31.3

1.3

302.0
301.5
300.4
300.3

328.9
304.1

311

1.3

302.3
301.8
300.4
300.3

310.3

302.0.

59.8

2.3
300.5
300.4
300.1

300.1 -

311.7
301.6
60.9
2.3
300.6
300.5
300.1
300.1

312.9
301.1
63.6
2.4
300.8
300.6
300.1
300.1

301.7
300.0
385.7
2.6
300.0
300.0
300.0
300.0

302.2
300.0
434.4
3.0
300.1
300.0
300.0
300.0

302.7
300.0
482.4 -

3.3

- 300.1

300.1
300.0
300.0



Time = 720.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

-Time = 780.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 840.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

499.1
305.6
10.9
1.2
332.0
325.2
302.2
302.1

503.4
305.5
10.9
1.2
334.8
327.5
302.4
302.4

507.1
305.1
11.0
1.2
337.5
329.7
302.7
302.6

418.2
306.1
22.5
1.2
315.9
312.1
302.4
302.3

421.4
305.6
22.5
1.2
317.3
313.3
302.7
302.6

423.4
305.0
22.9
1.2
318.7
314.4
302.9

302.9°

351.1
306.2
77.3
1.3
305.4
304.1
301.0
300.8

352.9
305.4
77.3
1.3
306.0
304.5
301.1
300.9

354.3

304.6

79.3

1.3
306.5
304.9
301.1
301.0
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330.4
303.3

31.5

1.3

302.7
302.0
300.5
300.4

331.6

302.4

- 32.7

1.4
303.0
302.3
300.5
300.4

332.2
301.6
35.2
1.5
303.3
302.5
300.6

" 300.5

313.5 -

300.6
67.7
2.6
300.9
300.7
300.1
300.1

313.7
300.2
72.8
2.8
301.0
300.8
300.1
300.1

313.3
300.1
79.1
3.0
301.1
300.9
300.2 .
300.1

303.0
300.0 -
526.7
3.6
300.1
300.1
300.0
300.0

1303.3
300.0
566.3
3.9
300.1
300.1
300.0
300.0

303.6
300.0
601.8
4.1
300.2
300.1

© 300.0 .

300.0



Time = 900.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 960.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol{m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1020.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol (m**3)
Layer depth(m)
Ceiling temp{K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

508.9
304.5
11.5
1.2
340.0
331.8
302.9
302.8

507.6
303.8
12.2
1.3
342.1
333.6
303.1
303.0

503.3
303.0
13.3
1.4
343.8
335.0
303.3
303.2

423.7.
304.1
24.0
1.3

320.0

315.4
303.2
303.1

421.5
303.1
26.1
1.4
321.0
316.2
303.4
303.3

418.1
302.3
29.1
1.6
321.8
316.8
303.6
303.5

355.3
303.5

84.5

1.4

307.0
305.3
301.2
301.1

355.3
302.5
92.9
1.6
307.5
305.6
301.3
301.2

354.8
301.7
103.7
1.7
307.8
305.9
301.4
301.3
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331.3
300.8
39.5
1.7
303.5
302.7
300.6
300.5

330.1.
300.3
44 .4

1.9
303.7
302.8
300.6
300.6

329.2

300.3

49.6

2.1
303.8
302.9
300.7
300.6

312.8

300.0
86.0
3.3

301.2-

300.9
300.2
300.2

312.3
300.1
92.9
3.6
301.3
301.0
300.2
300.2

312.1

300.5 -

99.4

3.8
301.3
301.0
300.2
300.2.

303.7
300.0
633.4
4.3
300.2
300.2
300.1
300.1

303.7
300.0
661.6
4.5
300.2
300.2
300.1
300.1

303.7
300.0
686.6
4.7
300.2
300.2
300.1
300.1.



Time = 1080.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol{m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1140.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol({m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1200.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol{m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

497.7
302.4
14.7
1.6
345.0
336.1
303.4
303.4

488.0
302.0
16.7

1.8

345.8
336.8
303.6
303.5

476.8
302.1
19.3
2.1
346.0
337.0
303.7
303.6

414.2
301.7
32.4
1.7
322.3
317.3
303.8
303.7

409.1
301.6
37.1
2.0
322.7
317.6
304.0
304.0

404.3
302.1
42.5
2.3
322.9
317.8

304.3
304.2

354.0
301.3
116.3
2.0
308.2
306.2
301.5
301.4

352.9
301.4
132.1
2.2
308.5
306.4
301.6
301.5

352.1
302.3
148.6
2.5
308.7
306.6

- 301.7

301.7.
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328.6
300.8
55.0
2.3
304.0
303.0
300.7
300.7

327.8
302.2
61.1
2.6
304.1
303.1
300.8
300.8

327.7
303.5
65.5
2.8
304.2
303.2
300.9
300.8

311.9
301.5
105.5
4.0
301.4
301.0
300.3
300.2

311.7
303.3

111.3

4.3
301.4
301.1
300.3
300.3

311.8
303.6
114.5
4.4
301.4
301.1

300.3

300.3

303.7
300.0
707.8
4.9
300.3
300.2
300.1
300.1

303.6
300.0
720.3
4.9
300.3
300.2
300.1
300.1

303.6
300.0
730.4
5.0
300.3
300.2

-300.1

300.1



Time = 1260.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1320.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol{m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1380.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

468.7
303.0
22.1
2.4
346.0
337.0
303.7
303.7

463.8

306.7
25.2
2.7
346.0
337.0
303.9
303.8

461.7
315.0
28.4
3.1
346.1
337.2
304.1
304.0

401.7
305.0
47.9
2.6
323.1
318.0
304.7
304.6

400.8

313.4
52.6
2.8

'323.4

318.2
305.2
305.1

400.6
320.3
55.0
3.0
323.7
318.4
305.8
305.6

351.7
306.6
162.0
2.7
308.9
306.8
301.9
301.8

351.6
315.3
170.7
2.9
309.1
307.0
302.2
302.1

351.8
319.8
174.1
2.9

309.4
307.2
302.6
302.3
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327.5

- 304.2

68.3

2.9
304.3
303.2
301.0
300.9

327.0
304.3
69.3
2.9
304.4
303.3
301.1
301.0

326.9
304.2
70.0
2.9
304.4
303.4
301.2
301.1

311.7
303.6
116.9
4.5
301.5
301.1
300.4
300.3

311.5
303.5
118.3
4.5
301.5
301.2
300.4

- 300.4

311.4
303.5
119.4
4.6
301.6
301.2
300.5
300.4

303.6

300.1

738.5
5.1

- 300.3

300.2
300.1
300.1

303.6
300.1
742.9
5.1
300.3
300.3
300.1
300.1

303.5
300.1

- 746.7

5.1
300.3
300.3
300.1
300.1



Time = 1440.0 seconds.

Upper temp(K) 462.6 400.3 351.4 326.7 311.3 303.5
Lower temp(K) 337.4 321.8 321.3 303.9 303.5 300.1
Upper vol(m**3) 30.2 55.4 175.9 70.7 120.4  749.6
Layer depth(m) 3.2 3.0 3.0 3.0 4.6 5.1
Ceiling temp(K) 346.4 324.0 309.6 304.5 301.6 300.3
Up wall temp(K) ; 337.4 318.7 307.3 303.5 301.2 300.3
Low wall temp(K) ' 304.6 306.4 302.9 301.3 300.5 300.1
Floor temp(K) 304.2 306.1 302.5 301.2 300.4 300.1

Time = 1500.0 seconds.

Upper temp(K) 463.6 400.5 . 351.3 326.4 311.2 303.4
Lower temp(K) 358.0 322.4 322.3 303.7 303.3 300.1
Upper vol(m**3) 31.7 55.7 177.2 71.2 121.2 751.5
Layer depth(m) 3.4 3.0 3.0 3.0 4.6 5.2
Ceiling temp(K) 346.9 324.3 309.8 304.6 301.6 300.3
Up wall temp(K) 337.8 319.0 307.5 303.5 301.2 300.3
Low wall temp(K) 305.4 306.9 303.2 301.3 300.5 300.1
Floor temp(K) 304.5 306.6 302.6 301.2 300.5 300.1

Time = 1560.0 seconds.

Upper temp(K) 465.2 400.8 351.2 326.2 311.0 303.4
Lower temp(K) 373.7 322.8 323.2 303.5 303.3 300.1
Upper vol(m**3) 32.7 56.2 178.1 71.7 121.8 752.5
Layer depth(m) 3.5 3.0 3.0 3.0 4.7 5.2
Ceiling temp(K) 347.4 324.6 310.0 304.7 301.6 300.4
Up wall temp(K) 338.3 . 319.3 307.6 303.6 301.3 300.3
Low wall temp(K) 306.3 307.4 303.4 301.4 300.6 300.1
Floor temp(K) 304.8 307.0 302.8 301.3 300.5 300.1
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Time = 1620.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1680.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1740.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

466.1
385.7
34.1
3.7
348.1
338.9
307.3
305.1

466.7
392.9
34.9
3.7
348.7
339.5
308.3
305.4

466.5
400.7
37.1
4.0

349.4
340.0
309.3
305.7

401.0

323.4

56.3
3.0
325.0
319.6
307.8
307.3

401.1
323.2
56.3

3.0 .

325.4
319.9
308.2

307.7

-400.7

321.0
56.6
3.0
325.7
320.2

308.6

308.0

351.2
324.1
179.0
3.0
310.2
307.8
303.6
302.9

351.2
324.8
179.9
3.0
310.4
308.0
303.9
303.1

351.0
323.6
180.8
3.0
310.6
308.1
304.1
303.2
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326.1

303.3
72.0
3.0

304.7

303.6
301.5
301.4

326.0
303.1
72.3
3.0
304.8 .
303.7
301.5
301.4

325.9
301.9
72.6
3.0
304.9
303.7
301.6
301.5

311.0:
303.3
122.3
4.7
301.7
301.3
300.6

300.5 -

310.9
303.3
122.8
4.7
301.7
301.3
300.6
300.5

310.8
301.6
123.1

4.7
301.7
301.3
300.6
300.5

303.4
300.1
753.1
5.2
300.4
300.3
300.1
300.1

303.3
300.1
753.3
5.2
300.4
300.3
300.1

©300.1

303.3
300.1
753.6
5.2
300.4
300.3

-300.1

300.1



Time = 1800.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)

- Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1860.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 1920.0 seconds._

Upper temp(K)
Lower temp(K)
Upper vol{(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

467.5

400.7
36.7
3.9
350.0
340.6
310.2
306.0

468.6
401.5
36.2
3.9
350.7
341.1
310.9

. 306.3

469.3

402.0 -
36.7

3.9
351.4
341.7

311.6
306.5..

401.1
320.5
-56.5
. 3.0
326.0
320.4
308.9

308.4

401.8 -

320.7
56.5

3.0
326.4
320.7
309.2
308.7

402.2
321.0
56.6
3.0
326.8
321.1
309.6
309.0 ..

351.1

323.5

180.9
3.0

1310.7

308.2
304.2

303.4

351.4
323.8

~180.9

3.0
310.9
308.4
304.4

'303.5

351.7
324.0
180.9
3.0
311.1
308.5

304.6
303.6.
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325.9

301.4
72.6
3.0
304.9
303.8
301.6
301.5

326.0
301.5
72.6
3.0
305.0
303.9

301.7 .

301.6

326.2
301.5
72.6
3.0
305.1
303.9

. 301.7
301.6 ..

310.8
300.8
123.1
4.7
301.7
301.3
300.6
300.6

310.9
300.7

123.1

4.7
301.8
301.4
300.7
300.6

310.9

300.6

123.1
4.7

301.8

301.4
300.7

300.6 ~

303.3
300.1
754.0
5.2
300.4
300.3
300.1
300.1

303.2
300.1
754.0
5.2
300.4
300.3

*300.1

300.1

303.2
300.1
754.0
5.2
300.4
300.3
300.1

- 300.1+



Time = 1980.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2040.0 seconds.

Upper temp({K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2100.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

470.3
401.8
36.4
3.9
352.1
342.3
312.3
306.8

471.0

403.1
36.5
3.9
352.8
342.9
312.8

'307.0

472.0
402.3
36.1
3.9
353.5
343.6

313.4

307.2

" 402.7

321.2
56.5
3.0
327.2
321.4
309.9
309.3

403.4
321.5
56.6
3.0
327.6
321.7
310.2
309.6

404.0
321.6
56.5
3.0
327.9
322.0

310.5

309.9

352.0 -

324.2
180.8
3.0

311.3

308.7

304.7

303.7

352.4
324.4
180.9
3.0
311.5
308.9
304.9
303.8

352.7
324.6
180.9
3.0
311.7
309.0
305.1
304.0
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326.4
301.5
72.6
3.0
305.2
304.0
301.8

"301.7

326.6
301.6
72.6
3.0
305.3
304.0
301.8

301.7

326.8
301.6
72.6
3.0
305.3
304.1
301.9
301.8

311.0
300.6
123.1

4.7
301.8
301.4
300.7
300.6

311.1

300.6

123.1
4.7

- 301.9

301.4
300.7
300.6

311.2
300.7
123.1
4.7
301.9
301.5
300.7
300.7

303.2
300.1
754.0
5.2
300.4
300.3
300.1
300.1

303.3
300.1
754.0
5.2
300.4
300.3
300.1
300.1

303.3

300.1

754.0
5.2

300.4

300.3
300.1
300.1



Time = 2160.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2220.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol (m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2280.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

472.5
403.7
36.5
3.9
354.2
344.2
313.9
307.4

472.7
403.6
36.4
3.9
354.9

344.8 -

314.5
307.6

473.1

. 404.7

36.2
3.9
355.5
345.3
315.0
307.8

404.4
321.9
' 56.6

3.0
328.3
322.3
310.8
310.2

404.5
322.1
56.5
3.0
328.7
322.7
311.1
310.4

404.8
322.2
56.6
3.0
329.1
323.0

.311.4

310.7

353.0

324.8

180.9
3.0

311.9
- 309.2

305.2
304.1

353.1
325.0
180.9
3.0
312.1
309.3

305.4

304.2

353.3

325.1
180.9

3.0
312.2
309.5
305.5
304.3
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326.9
301.7
72.6
3.0
305.4
304.2
301.9
301.8

327.0

301.7
72.6
3.0
305.5
304.2
302.0
301.9

327.1 .

301.8

72.6 .

3.0
305.6
304.3
302.0
301.9

311.3
300.7
123.1
4.7
301.9
301.5
300.7
300.7

311.3
300.7

123.1

4.7
301.9
301.5
300.7
300.7

'311.4

300.7
123.1
4.7
302.0
301.5
300.8

300.7

303.3
300.1
754.0
5.2
300.4
300.3
300.1
300.1

303.3
300.1
754.0
5.2

300.4
300.3
300.1
300.1

303.4
300.1
754.0
5.2
300.4
300.3
300.1
300.1



Time = 2340.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2400.0 seconds.

Upper temp(K) -
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2460.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)-

473.5
404.8
36.3
3.9
356.2
345.9
315.4
308.0

473.5
405.1
36.7
3.9
356.8
346.4
315.9
308.2

474.1
404.7
35.9
3.9
357.4
347.0
316.4
308.4-

405.1
322.4
56.7
3.0
329.4
323.3
311.6
311.0

405.1
322.6
56.5
3.0
329.8
323.6
311.9
311.2

405.4
322.7
56.4
3.0
330.1
323.8
312.2

311.5-

353.5
325.2
180.9
3.0
312.4
309.6
305.7
304.4

353.6
325.3
180.9
3.0
312.6
309.8
305.8
304.5

353.7
325.5
180.9

3.0
312.8
309.9
305.9

304.6
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327.2
301.8
72.6
3.0
305.7
304.4
302.0
302.0

327.3
301.9
72.6
3.0
305.7
304.4
302.1

302.0

327.4
301.9
72.6
3.0
305.8
304.5
302.1
302.1

311.4
300.7
123.1
4.7
302.0
301.6
300.8
300.7

311.5
300.8
123.1
4.7
302.0
301.6
300.8
300.8

311.5
300.8
123.1
4.7
302.1
301.6
300.8
300.8

303.4
300.1
754.0
5.2
300.4
300.3
300.1
300.1

303.4
300:1
754.0
5.2
300.4
300.3
300.1
300.1

303.5
300.1
754.0
5.2
300.4
300.3
300.1
300.1°



Time = 2520.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2580.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m*+*3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2640.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

Time = 2700.0 seconds.

Upper temp(K)
Lower temp(K)
Upper vol(m**3)
Layer depth(m)
Ceiling temp(K)
Up wall temp(K)
Low wall temp(K)
Floor temp(K)

474.4

404.9
36.3
3.9

358.0

-347.5

316.8
308.6

474.7

" 405.6

36.2
3.9
358.6
348.0
317.2
308.8

475.2
405.6
35.5
- 3.8
359.2
348.5
317.6
309.0

475.0
405.9
36.4
3.9
359.8
349.1

.-318.0

309.2

405.7

323.0
56.7
3.0

330.5

3241

312.4
311.7

405.9
323.1
56.5
3.0
330.8
324.4
312.7
312.0

406.2
323.2
56.5
3.0
331.1
324.7
312.9
312.2

406.3
323.4

56.6

3.0
331.5
325.0
313.2
312.4

354.0
325.6
180.8
3.0
313.0
310.0
306.1
304.7

354.1
325.7
180.8
3.0
313.1
310.2
306.2
304.8

354.2
326.0
180.8
3.0
313.3
310.3
306.3
304.9

354.4
326.0
180.9
3.0
313.5
310.5
306.5
305.0
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327.5
301.9
72.6
3.0
305.9
304.6
302.2
302.1

327.6

302.0
72.6
3.0

306.0

304.6

302.2
302.2

327.7
302.0
72.6
3.0

-306.1

304.7
302.3
302.2

327.8

©302.1

72.6

3.0
306.1
304.7
302.3
302.3

311.6
300.8
123.1
4.7
302.1
301.6
300.8
300.8

311.6
300.8
123.1

4.7
302.1
301.7
300.8
300.8

311.7
300.8
123.1
4.7
302.2
301.7
300.9
300.8

311.7
300.8
123.1
4.7
302.2
301.7
300.9

-300.8

303.5
300.1

. 754.0

5.2
300.4
300.3
300.1

300.1

303.5
300.1
754.0
5.2
300.4
300.3
300.1
300.1

303.5
300.1
754.0
5.2
300.5
300.3
300.1
300.1

303.6
300.1
754.0
5.2
300.5
300.3
300.1
300.1



5.0

SUMMARY/CONCLUSIONS

5.1 Summary

As stated in section 3.2, the upper electrical penetration area (Room 6) is considered to be
untenable when the temperature of the upper or lower gas layer is greater than 140°F or
the concentration of O,, CO,, or CO fall below 17%, above 10%, or above 35,000 ppm,
respectively. When conditions within room 6 as a result of a fire in Room 1 fall within
one of these parameters it is assumed that an operator will be unable to access the area
and perform the manual actions necessary to perform safe shutdown functions.

From the output of the FAST routine in Sections 4.1.3 and 4.2.2 the following
information is obtained.

TABLE 5.3.1
TIME TO UNTENABILITY - ROOM 6

POOL FIRE CABLE TRAY
FIRE

TEMPERATURE NOT REACHED NOT REACHED
OF UPPER GAS (Peak at 94.1°F) (Peak at 87.1°F)
LAYER
o, NOT REACHED NOT REACHED
CONCENTRATION | (Peak at 19.6%) (Peak at 17.2%)
BELOW 17%
Co, NOTREACHED | NOT REACHED
CONCENTRATION | (Peak at 0.753%) (Peak at 2.29%)
ABOVE 10%.. :
CO NOT REACHED NOT REACHED
CONCENTRATION | (Peak at 82.8 ppm) (Peak at 828ppm)
ABOVE
35,000 ppm

Note: Table 5.1.3 lists only the upper layer tenability conditions. This is due to the fact that the
upper layer is the worst case environment. The conditions tabulated for the upper layer are
considered to be the bounding conditions and conditions in the lower layer would be less severe.
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' 5.2

~Conclusion

In order to perform manual safe shutdown operations in the upper electrical penetration
area due to a safe shutdown fire in the entranceway to the electrical tunnels, a plant -
operator must be able to access the upper electrical penetration area for 45 minutes after
ignition of the fire. In both fire scenarios the fire does not ignite redundant cable tray

stacks, therefore.operator access into the upper electrical penetration area is not required.
Computer runs were performed to determine tenability conditions in the Electrical

Penetration Area (Room 6). The data in Section 4.0 shows that the tenability limits are

not reached within the 45 minute time period for these two fire scenarios.
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1.0

ATTACHMENT 1
INPUT DATA ROUTINES

Development of Fire Data Files:

The fire data files for the fires were developed using the MYFIRE subroutine of the MAKEFIRE
routme in the FPETOOLS program.

MYFIRE - The individual fire data files were generated under this subroutine, the following

inputs were used:

Pool fire mass loss rate =11.4 g/sec
@ heat of combustion = 20,000 BTU/Ib

Cable fire
@ heat release rate, as described in section 3.1.2
@ heat of combustion =14,000 BTU/Ib

The subroutine then generated the data files presented in Attachment 2.

In order to determine if the exposed target is ignited the radiant energy incident on the target -

must be evaluated and then compared with the critical value below which ignition will not occur.

The incident energy (flux) received by a target can be represented by the relation:

qi = Qo/ 4‘"'lrc2

where: Q, = Total radiant flux from the exposing fuel package (kW)
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q;= Incident flux per unit area on unignited fuel package (kW/m?)
r, = Distance between the effective center of the fire and

the surface of the target fuel pack.agev(m)

This relationship approximates the fire as a point source located at the center of an equivalent
circular fire. For this analysis, the radiative portion of the fire's heat release rate is assumed to be

35% of the total heat release rate, based on engineering judgment.

Modak has shown that the above relationship is valid for values of r greater than four times the
flame diameter. Below that value, the incident energy on the target is overstated. Modak has
developed correctibn factors to compensate for these errors. These are shown graphically in
Figure 6 of Modak's paper "Thermal Radiation from Pool Fires" [Combustion and Flame,
Volume 29, 177-192 (1977)]. As the separation distance between the source fire and the target is

~small in both fire scenarios, these correction factors are applied in this analysis.

~ Pool Fire:

The pool fire has a constant heat release rate of 543 kW. The pool fire has a 2 ft. diameter. The
point source is assumed to be located in tﬁe center of the pool giving a total separatioh distance,
1, between the point source and the targét of 3 ft. (1 fi. radius plus 2 ft. separation). From the
reference cited above, for a radius to separation ratio of 3, the factor is 0.85. The incident flux .

. received by the target is constant at 15.199 kW/m? for the duration of the pool fire.

Table 3-1 of the EPRI Report NP-7332 "Design Guide for Fire Protection of Grouped Electrical
Cables" lists critical values for héat flux and temperature below which piloted ignitiqn can hot

occur. For silicone, glass braid/asbestos cable, which is the type assumed for use in this repbrt,
the criticél values are 14 kW/m? for critical flux (q;) and 705 K for critical ignition temperature.

These are the lowest values for the types of cables listed in this table.
Since the incident flux is greater than the critical flux, piloted ignition is possible. A further
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evaluation is made of the time required for the onset of ignition at this incident flux using Eq. 1

‘ from Section 2.3.1 of the EPRI Report NP-7332. This equation is:
f= E
. 9574cx
where: t is the time to either pyrolosis, ignition, or electrical failure

E is the energy required to initiate either pyrolosis, ignition, or

electrical failure
qg is the heat flux received by the cable

qcr is the critical heat flux at or below which either pyrdlosis,

ignition or electrical failure cannot be initiated

. For silicone, glass braid/asbestos cable, from Table 3-1 of EPRI Report NP-7332, E is 778 kJ/m?
and qcg is 14 kW/m’ as indicated previously. The above formula yields-a time to ignition of
648.87 seconds. For this scenario with the combustibles as described, the target must be
exposed to the incident heat flux of 15.199 kW/m? for a period of 648 seconds (10.8 minutes)
before there is a sufficient flammable vapor/air mixture to allow piloted ignition. The
calculations in Section 4.1.1 show that a 2 galloh lubrication oil fire will burn out after 399.7
seconds. Therefore, the cables will not be esposed to the incident flux for a sufficient amount of

time to allow piloted ignition to occur.

' Cable Fire: A
The cable fire in one stack of cable trays has a growing heat release rate history which reaches a
maximum, steady value of 352 kW at 2300. seconds. The cable tray is 2' wide and it is assumed
that the fire begins in the center of the tray. The heat release curve is shown in ‘Attachment A2.

As the fire grows from Ok W the equivalent area and flame radius will also grow. The correction
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factor from Modak's paper is dependent on the ratio of the equivalent fire radius to the separation
distance. The equivalent flame radius is a function of the heat release rate. In order to determine
the equivalent radius, the heat release rate per unit area must be computed so that the fire size can

be calculated at each point in time.

NUREG/CR - 4679, Table 4, lists the heat release rates per unit area for the same cable samples
used in EPRI Report NP - 7332. Based on these values, a weighted heat release rate per unit area
is determined for the cable types and percentages listed in Section 3.0 of this report. The heat

release rates per unit area for the cable types are:

PE/PVC 395 kW/m?

PE,PP/CI-S-PE 345 kW/m?
Silicone/Asb 182 kW/m*

The weighted value from this data is 212.78 kW/m’. Using this value, an equivalent fire area can

be calculated for each point on the fire growth curve from the following relationship:

Fire Area- Heat release rate

Heat release rate per unit area

The equivalent flame radius is then computed. This value for the flame radius is added to the
original separation distance of 6 ft. to obtain the modified separation distance for the point source

calculation. These calculations are shown in Table Al-1.

The maximum incident flux received by the exposed cable tray is 1.307 kW/m?. This is well
below the value of 14 kW/m?’ for critical flux as described under the pool fire discussion above.
Therefore, ignition of the exposed cable tray is not expected to occur throughout the 2700 second

duration of the cable tray fire scenario.
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TABLE Al-1

Source Fire: Cable
Separation Distance (ft): 6
Radiative Fraction: 0.35
Time HRR Fire Area R R Ro Ro/R Modak qi
(sec) (kW) (m”2) (m) (ft) (ft) Factor (kW/m"2)
0 0.000 0.000 0.000 0.000 6.000 Infinity 1.000 0.000 -
100 62.000 0.291 0.305 0.999 6.999 7.005 0.950 0.360
200 113.000 0.531 0411 1.349 7.349 5.448 0.930 0.583
300 156.000 0.733 0.483 1.585 7.585 4.786 0.910 0.740
400 190.000 0.893 0.533 1.749 7.749 4.430 0.900 0.854 -
500 219.000 1.029 0.572 1.878 - 7.878 4.195 0.900 0.952 |
600 243.000 1.142 0.603 1.978 7.978 4.033 0.890 1.019
700 263.000 1.236 0.627 2.058 8.058 3.916 0.890 1.081
800 279.000 1:311 0.646 2.120 8.120 3.831 0.880 1.116
900 » 292.000 1.372 0.661 2.168 8.168 3.767 0.880 1.155
1000 304.000 1.429 0.674 2212 "8.212 3.712 0.870 1.176
1100 312.000 1.466 0.683 2.241 8.241 3.677 0.870 1198
1200 320.000 1.504 0.692 2.270 8.270 3.643 0.870 1.220
1300 327.000 1.537 0.699 2.295 8.295 3.615 0.870 1.240
1400 331.000 1.556 0.704 2.309 8.309 3.599 0.870 1.251
1500 336.000 1.579 0.709 2.326 8.326 3.580 0.870 1.264
1600 339.000 1.593 0.712 2.336 8.336 3.568 0.870 1272
1700 342.000 1.607 0.715 2.347 8.347 3.557 0.870 1.280
1800 344.000 1.617 0.717 2.354 8.354 3.549 0.870 1.286
1900 346.000 1.626 0.719 2.360 8.360 . 3.542 0.870 1.29]
2000 348.000 1.635 0.722 2.367 8.367 3.535 0.870 1.296
2100 350.000 1.645 0.724 2374 8.374 3.527 0.870 1.302
2200 351.000 1.650 0.725 2377 8.377 3.524 0.870 1.304
2300 352.000 1.654 0.726 2.381 8.381 3.520 0.870 1.307
2400 352.000 1.654 0.726 2.381 §.381 3.520 0.870 1307
2500 352.000 1.654 0.726 2.381 8.381 3.520 0.870 1.307
2600 352.000 1.654 0.726 2.381 8.381 3.520 0.870 1307
2700 352.000 1.654 0.726 2.381 8.381 3.520 0.870 1.307
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2.0

Development of Smoke and Hot Gas Layer and Species Production Data:

Data on the smoke and hot gas layer within_ the electrical tunnel and penetration areas was
developed by utilizing the FAST routine within the HAZARD I program. FAST is a model to |
describe fire growth and smoke transport in multicompartment structures. The implementation
consists of a set of programs to describe the structure to be modeled, run the model, and produce
usable output. The physical bases of zone models, their limitations and development of the

predictive equations are described in Appendix A.

Structures of FAST Model - The primary element of the model is a compartment. The interest
in these predictive schemes lies in the environment within the compartments, so the model is
structured around variables such as temperature, pressure, etc., in the compartment. Predictive
equations for the gas layers in each compartmént are derived from conservation of mass,

momentum and energy, an equation of state, and the boundary conditions to which each

~compartment is subject. The term "boundary condition" refers to the transfer points at the

boundaries of the compartments; examples are vents, air conditioning ducts, etc. The actual
physical phenomena which drive the transport are then couched as source terms. Such a
formulation allows the greatest flexibility in adding, modifying, or deleting terms which are

appropriate to the problem at hand.

The conservation equations used are for mass, momentﬁm and energy. These equations are
fundamental to predictive models, and must hold in all cases. These conservation equations are
rearranged to form a set of predictive equations for the sensible variables in each compartment.
An important concession which is made for computational speed is that the fluid momentum
between the compartments is calculated, but not within a compartment.. The work term
(volumetric expansion and contraction) is included in the energy equation, however. The result
is that the program cannot follow acoustic waves anywhere, or gravitational waves within a
compartment. The concomitant improvement is that the program is not limited by the Courant

time step condition for wave motion within a compartment.
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Each compartment is subdivided into a few "control volumes," which are called zones. The
premise is that the details which oc;:ur within such volumes are not of concern, but their
interaction is. This simplification is based on the observation that when a fire grows and spreads,
the gases in a compartment stratify into distinct zones. In the present calculation there are only
two zones per compartment. There is reasonably good agreement between theory and
experiment for this choice, and there are other phenomena which put a more severe constraint on

the validity of the model.

FAST is formulated as a set of ordinary differential equations. It was the first model of fire
growth and smoke spread to cast the entire model in this form and was done because of the

efficiency of solving the conservation equations this way.
It is important to keep in mind that this model is based on a control volume concept. To that end,

one gives up knowledge of some of the details of the internal structure of the problem being

modeled, such as temperature variation within a zone.
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3.0

CEILI

Description of the Data File Used by FAST

The computer model requires a description of the problem to be solved. The following
description is for the input data used by the model. In general, the order of the data is not
important. The one exception to this is the first line which specifies the version number and

gives the data file a title.
The data are groupedvas:

@ Version and title 3.1.1

@® Time specification 3.1.2

® Ambient conditions 3.1.3

@ Floor plan data 3.1.4

® Connections 3.1.5

® Thermophysical properties of the enclosing surfaces 3.1.6
@ Fire specificaitons 3.1.7

@ Species production 3.18

The number of lines in a given data set will vary depending for example on the number of

openings or the number of species tracked. A number of parameters such as heat transfer and

. flow coefficients are set within the program as constants.

Each line of input data file begins with a key word which identifies the type of data on the line.

The key words are:

specify name of ceiling descriptor(s) | ' (N)

" CHEMI miscellaneous parameters for kinetics o (5)

CO
CT

CO/CO2 mass ratio (Lfmax+1)
fraction of fuel which is toxic o (Lfmax+1)
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CVENT

DEPTH
 DUMPR
EAMB
FAREA
FHIGH
FLOOR
FMASS
FQDOT
FTIME
HCL
HCN
HCR
" HEIGH
HI/F

- HVENT

INTER
 LFBO
LFBT
LFMAX
LFPOS
oD
RESTR
TAMB
TIMES
VVENT
VERSN
WALLS
WIDTH

opening/closing parameter

depth of compartments

specify a file name for saving time histories
external ambient

area of the base of the fire

height of the base of the fire

specify the name of floor prop.erty descriptor(s)
pyrolysis rate

heat release rate

length of time intervals

hcl/pyrolysis mass ratio

hen/pyrolysis mass ratio

hydrogen/carbon mass ration of the fuel
interior height ofa compartment

absolute height of the floor of a compartment
specify vent which connect compartments horizontally
initial height of the upper/lower interface
éompartment of fire origin

type of fire

number of time intervals

position of the fire in the compartment

C/CO2 mass ratio |
specify a restart file

ambient inside the structure

time step control of the output

specify a vent which connects compartments vertically

version number and title

~ specify the name of wall property descriptor(s)

width of the compartments

- Al1-9

(Lfmax+4)
(N)
(M
(3)
(Lfmax+1)
(Lfmax+1)
(N)
(Lfmax+1)
(Lfmax+1)
(Lfmax)
(Lfmax+1)

(Lfmax+1)
(Lfmax+1)
- (N)

N)
(7)
(2)
(1
(1
(-
(1
(Lfmax+1)
(2)
(3)
(5)
(3)

(fixed format 2)

(N)
(N)



WIND scaling rule for wind effects 3) ,

The number in parenthesis is the maximum number of entries for that line. "N" represents the
number of compartments being modeled and "Lfmax" is the number of time intervals used to
describe the fire, detailed below in section 3.1.7. The outside (ambient) is designated by one
more than the number of compartments, N + 1. So the compartment model will refer to the

outside as compartment seven.

Each line of input consists of a label followed by one or more alphanumeric parameters
associated with that input label. The label must always begin in the first space of the line and be
in capital letters. Following the label, the values may start in any column and all values must be
separated by either a comma or a space. Values may contain decimal points if needed or desired.
They are not required. Units are standard SI units. - Most parameters have default values which
can be utilized by oimitting the appropriate line. These will be indicated in the discussion. The
maximum line length is 128 characters, so all data for each key word must fit in this number of
characters. For each entry which requires more than one type of data, the first entry under the

column "parameter” indicates the number of data required.

In the following sections each data input group is described in detail, following each data

description is a list of the data that was used as input for this analysis.

" 3.1.1 Version and Title

This line must be the first line in the file. It is the line that FAST keys on to determine
whether it has a correct data file. The format is fixed, that is the data must appear in the

columns specified in the text.
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Label

VERSN
ACTUAL
VERSN 18

VERSN 18

Time Specification

Label

TIMES

Parameter Comments

(2) - The VERSN line is a required
input.

Version The version number parameter

Number | specifies the version of FAST for

~ which the input data file was prepared.
Normally, this would be 18. It must_be in

columns 8-9.

Title ~ The title is optional and may consist of
. letters, numbers, and/or symbols that start in
lcolumn 11 and may be up to 50 characters.
It permits the user to unfquely label each

rnn.

CABLE TRAYS FIRE
2' DIA POOL FIRE SPECIES

Parameter Comments Units
(5 The TIMES line is required
' data.
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Parameter

Simulation

Time

Print

Interval

Dump

Interval

Comments Units

Simulation time is the length )

of time over which the

simulation takes place. The
maximum value for this

input is 84600 seconds (1 day).
The simulation time parameter

1s required.

~ The print interval is the - s

time interval between each
printing of the output values.
If omitted or less than or
equal to zero, no printing of

the output values will occur.

The dump interval is the time
interval between each writing

of the output to the dump file.

The dump file stores all of the

output of the model at the

speciﬁed interval in a format

which can be efficiently retrieved

for use by other programs.

A zero must be used if no dump

file is to be used. There is a maximum
of 50 intervals allowed. If the choice

of this parameter would yield more
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Display

Copy

Count

than 50 writes, it is ajdusted so that this

limit is not exceeded.
The display interval is the time s
interval between each graphical

display of the output as specified in
the graphics specification. If omitted

. as in this analyis, no graphical

display will occur. There is a limit

on the display of 50 for the micro-
computer versions and 100 for the
mainframe versions of FAST. This
parameter is not adjusted; rather graphs
will be truncated to the first 50 or 100

points, respectively.

Copy count is the number of copies

of each graphical display to be made

on the selected hard copy device as
specified in the graphics specification,

this item is omitted in this anaylsis.
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ACTUAL:
TIMES 2700 60 60 0 0
TIMES 540 60 60 0 0

Ambient Conditions

The ambient conditions section of the input data allows the user to specify the
temperature and pressure and station elevation of the ambient atmosphere, as well as the
absolute wind pressure to which the structuure is subjected. There is an ambient for the
interior and for the exterior of the building. The key word for the interior of the building
is TAMAB and for the exterior of the building is EAMB. The form is the same for both.
The key word for the wind information is WIND. The wind modification is applied only
to the vents which lead to the exterior. Pressure interior to a structure is calculated
simply as a lapse rate based on the NOAA tables. For the exterior, the nominal pressure

1s modified by

8(p)=C,p V2 whereV= V'w(%)f’-

w

This modification is applied to the vents which lead to the exterior ambient. The pressure
change calculated above is modified by the wind coefficient for each vent. This
coefficient, which can vary from -1.0 to +1.0, nominally from -0.8 to +0.8, determines
whether the vent is facing away from or into the wind. The pressure change is multiplied
by the vent wind coefficient and added to the external ambient for each vent which is

connected to the outside.
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TAMB
or EAMB

Parameter

3)

Ambient

Temperature

Ambient

Station

Elevation

Comments

These data are optional.

Ambient temperature is the
temperature of the ambient

atmosphere. Default is 300.

The ambient pressure is the
pressure of the ambient

atmosphere. Default is 101300.

The station elevation is the

elevation of the point at which

- the ambient pressure and temperature

(see above) are measured. The
reference point for the elevation,
pressure and temperature must be
consistent. This is the reference
datum for calculating the density

of the atmosphere as well as the
temperature anad pressure inside and
outside of the building as a function

height. Default is 0.

Al-15

Pa



Label
WIND

Parameter Comments Units

(3) This line is optional.
Wind Speed Wind speed at the reference m/s
The default is 0.
Reference Height at which the reference m
Height wind speed is measured. The

default is 10 meters.

Lapse Rate  The power law used to calculate
Coefficient  the wind speed as a function of height.
The default is 0.16.

The choice for the station elevation, temperature and pressure must be consistent.
Outside of that limitation, the choice is arbitrary. It is often convenient to choose the
base of a structure to be at zero height and then reference the height of the building with
respect to that height. The temperature and pressure must then be measured at that '
position. Another possible choice would be the pressure and temperature at sea level,
with the building elevations then given with respect to mean sea level.. this is also
acceptable, but somewhat more tedious in specifying the construction of a building.
Either of these choices works though because consistent data for temperature and

pressure are available from the Weather Service for either case.
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ACTUAL

TAMB
- EAMB

TAMB
EAMB

360 101300 _ 0

300 101300 0
300 101300 0
300 101300 0

Both models set the ambient temperature to 300 Kelvin, the ambient pressure at 101300 pascals

, and the reference elevation at 0 meters.
Floor Plan Data

The floor plan data section allows the user to portray the geometry of the structure being
modeled. The size and location of every room in the structure MUST be described. The
maximum number of rooms is dependent upon the local implementation of FAST. Usually a’
total of 10 rooms (plus the outdoors) is available for a single simulation. For the PC versions, a
maximum of six compartments (plus the outdoors) is allowed. The structure of the data is such
that the compartments are described as entities, and then connected in appropriate ways. It is
thus possible to have a set of rooms which can be configured in a variety of ways. In order to
specify the geometry of a building, it is necessary to give its physical characteristics. Thus the
lines labelled HI/F, WIDTH, DEPTH and HEIGHT are all required. Each of these lines requires

"N" data entries, that is one for each compartment.
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Label Parameter

HI/F Floor Parameter

WIDTH  Room Width

DEPTH Room Depth
HEIGH Room Height
ACTUAL

Comments Units

The floor height is the ‘m
héight of the floor of each

room with respect to station

elevation specified by the

TAMB parameter. The reference

point must be the same for all

elevations in the input data. The

number of values on the line must

equal the number of rooms in the

simulation.

Room width spectfies the width m
of the room. The number of values
on the line must equal the number

of rooms in the simulation.

Room depth specifies the depth of m
the room. The number of values on
the line must equal the number of -

rooms in the simulation,

Room Height specifies the height m
of the room. The number of values

on the line must equal the number

“of rooms in the simulation.
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HUF
WIDTH
DEPTH
HEIGHT

0.00 . 3.05 3.05 3.36 - 3.36 3.96

3.05 3.05 2.44 244 244 549
3.05 6.10 24.38 9.76 10.68 26.54

6.10 3.05 3.05 3.05 4.73 5.18

Data is the same for both fires.

3.1.5 Connections

The connections section of the input data file describes any horizontal or vertical vents
between the rooms in structure. These may include doors between rooms in the structure,
windows in the rooms (between roomsor to the outdoors), or vertical openings between
floors of the structure. Openings to the outside are included as openings to the room with
a number one greater than the number of rooms described in the floor plan data section. -
Doors, windows, and the like are called horizontal vents because the direction of the Qent,
or vent connection, is in the horizontal direction. The key word is HVENT. Horizontal
vents may be opehed or closed during the fire with the use of the CVENT key word. For
vertical vents, such as scuddles, the key word is VVENT; at present there is not an
equivalent mechanism for opening or closing the vertical vents. The form for horizontal

and vertical vents is necessarily different.
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HVENT

Parameter

(7

First Room

Second Room

Vent Number

Comments Units

Required to specify conhections
between compartments. No openings
preventé ﬂdw. Each HVENT line

in the input file describes one

horizontal vent between rooms in

the structure (or between a room and
the outdoors). The first six entries

on each line are required. There is

an optional seventh parameter to specify

wind coefficient.

The first room is simply the first

connection.

The second room is the room number

to which the first room is connected.

The order has one significance. The
height of the sill and soffit are with
respect to the first compartment
specified.

There can be as many as four vents
between any two compartments. This ..
number specifies which vent is being
déscribed. It can range from one to

four. "
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Width : The width of the opening. i _ m

Soffit Position of the top of the opening m
above the floor of the room

number speciﬁed as the first room.

Sill Sill height is the height of the A m
bottom of the opening above the floor
of the room number specified as the

first room.

Wind The wind coefficient is the cosine of
the angle between the wind vector and the
vent opening. This applies only to vents
which connect to the outside ambient
(specified with EAMB). The rangé of
vaiues 1s -1.0 to +1.0. If omitted, the

value defaults to zero.

VVENT (3) ' Required to specify a vertical connection
: between compartments. Each VVENT line in
the iﬁput file describes one vertical
vent between rooms in the structure (or
between a room and the outdoors). There -
are three parameters, the connected
cdmpartments, and the effective area of

the vent.
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First Room The first room is simply the first

connection.

Second Room The second room is the room number to

which the first room is connected.

The order has one significance. The
height of the sill and soffit are with
respect to the first compartment

specified.

Area This is the effective area of the opening.
For a hole, it would be the actual
opening. For a diffuser, then the
effective area will be somewhat less than

the geometrical size of the opening.

ACTUAL
HVENT 1 2 1 3.05 6.10 3.05
HVENT 2 3 1 2.44 3.05 0.00. .
HVENT 3 4 1 2.44 - 3.05 031
HVENT 4 5 1 2.44 3.05 0.00
HVENT 5 6 1 2.44 4.73 0.61

Data is the same for both fires.
- CVENT is a parameter which is used to open or close vents. It multiples the width in the vent

flow calculation. The default is 1.0 which is a fully open vent. A value of 0.5 would specify a

vent which was halfway open.
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Label Parameter
CVENT (LFMAX+4)
First Room

Second Room

Vent Number

Width
(LFMAX+1)

Comments Units

Specify closing value. Each
CVENT line in the input file
describes one horizontal vent
between rooms in the structure
(or between a room and the

outdoors).

The first compartment.

The second room is the room number

* to which the first room is connected.

This number specifies which vent is
being described. It can range from

one to four. .

These parameters correspond to the

first three parameters in HVENT. .
Fraction that the vent is open.

This applies to the width only.
The sill and soffit are not changed.
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ACTUAL

CVENT
CVENT
CVENT
CVENT
CVENT

CVENT has a form similar to HVENT but in addition contains the opening data. The
additional data is in the same form as all the time dependent specifications, namely a

value for each endpoint in the heat release curve. The form is

CVENT C#1 CH2 VH#X XXX, ...

1 2 1 1.00 1.00, ...
2 3 1 1.00 1.00, ...
3 4 1 1.00 1.00, ...
4 5 1 1.00 1.00, ...
5 6 1 1.00 1.00, ...

Data is the same for both fires.

3.1.6 Thermophysical Properties of Enclosing Surfaces

The thermophysical properties of the enclosing surfaces are described by specifying the
thermal conductivity, specific heat, emissivity, density, and thickness of the enclosing
surfaces for each rooxh. If the thermophysical properties of the enclosing surfaces are not
included, FAST will treat them as adiabatic (no heat transfer). Since most the heat
conduction is throught the ceiling and since the conduction calculation takes a significant
fraction of the computation time, it is reccommended that initial calculations be made
using the ceiling only. Adding the walls generally has a small effect on the results and
the floor contribution is usally negligible. Clearly, there are cases where the above
generalization does not hold, but it may prove to be a useful screening technique.
Currently, thermal properties for matierals are read from a thermal database fire unique to
FAST. The data in the fire for FAST simply gives a name (such as CONCRETE) which

is a pointer to the properties in the thermal database . (For computers which do not
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support extensions, the ".DAT" is dropped.) For the PC version, this is an installation
parameter. All of these specificaitons are optional. The thermal properties are assumed
to be constant that is, we do not account for the variation with temperature or water

content.

The thermophysical properties are specified at one condition of temperature, humidity, etc.
There can be as many as three layers per boundary, but they are specified in the thermal database

itself.

Label Parameter Comments Units

CEILI _ - (N) The label CEILI indicates that the

names of thermophysical properties
- on this line describe the ceiling material.
If this parameter is present, there must

be an entry for each compartment.

WALLS (N) ~ The label WALLS indicates that the
| ~ names of thermophysical properties

on this line describe the wall material.

If this parameter is present, there must

be an entry for each compartment.

FLOOR (N) . The label FLOOR indicates that the names
of thermophysical properties on this line
deséribe the floor material. If this parameter
s present, there must be an entry for each

compartment.
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ACTUAL

CEILI CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE

WALLS CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
FLOOR CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE

Data is the same for both fires.
3.1.7 Fire Specifications

The fire specifications allow the user to describe the fire source in the simulation. The
location and position of the fire is specified along with the chemical properties of the fuel.
Finally, the fire is described with a series of mass loss rate, fuel height, and fuel area
inputs. All of these specifications are optional and each line requires a single number.
The defaults for the fire specification is a methane burner in the center of compartment

(1). The defaults shown for each key word reflect the values for methane.

Label o ~ Parameter Comments - . Units

LFBO : Room of Room of fire origin is the room number

Fire Origin  in which the fire originates. Default is 1.

LFBT Fire Tybe This is a number indicating the type

of fire.
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LFPOS

CHEMI

Parameter

Fire

Position

Comments ‘ ‘ Units

1 Unconstrained fire

2 Constrained fire
The defaultis 1.

The fire position is the area of the room
in which the fire originates and is one of

the following values:

1 Center of the room
2 Corner of the room, or:
3 Along a wall of the room, but not

near a corner of the room.

The fire position is used to account for the
entrainment rate of the plume, which

depends on the location of the fire plume

within the compartment.

(6)

Molar
Weight

Chemical kinetics and miscellaneous. .
parameters.
" Molecular weight of the fuel vapor.
This is the conversion factor from mass
density to molecular density for "tuhc."
Default is 16. It is used only for conversion

to ppm, and has no effect on the model itself.
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Label

Parameter
Relative

Humidity

Limiting

~.Oxygen

Index

Heat of

Combustion

Initial Fuel

Temperature

. Gaseous

Ignition

Temperature

- Comments

The intial relative humidity

in the system. This is converted

- to kilograms of water per cubic

meter from the table from "Dynamical
and Physical Meteorology" by
Haltiner and Martin (1957).

The limit on the ratio of oxygen

to other gaases in the system below
which a flame will not burn. This
1s applicable only to type (LFBT) 2
or later fires. The default is 10.

Heat of combustion of the fuel.

- Default is 50000000.

Typically, the initial fuel
temperature is the same as the
ambient temperature as specified

in the ambient conditions section.

Minimum temperature for ignition

of the fuel as it flows from a
compartment through a vent into
another compartment. The default

1s the inital fuel temperature.
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LFMAX

FTIME

Parameter

Number of

Intervals

Time Interval

(LFMAX)

‘Comments Units

This is the number of time intervals

for the mass loss rate, fuel height and
specifies inputs.‘ The mass loss rate,

fuel height and species are entered as
series of points with respect to time.

This is referred to in this document

as a specified fire. A sufficient number
of intervals should be selected to provide
a reasonable appoximation (using straight
line segments) for the input variables

which.ﬁpecify the fire. The number of

points specified must be one greater than the

number of time intervals. For example, if there are
six mass loss points.there should be a total

of five time intervals (or one interval between
every two consecutive points). The maximum
number of intervals allowed in version 18 of

FAST is 21.

Time interval is the time between s
each point (mass loss rate, fuel

height and species) speciﬁe_d for the

fire. The total duration of the fire

is the sum of the time intervals.

- This time is independent of the

simulation time which is specified
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for TIMES label. If the simulation

time is longer than the total duration

of the fire, the final values specified

for the fire (mass loss rate; fuel height,
fuel area, and species) will be continued
until the end of the simulation. The
number of values on the line must equal
the number of time intervals specified

by LFMAX, above.

FMASS Mass Loss | The rate at which fuel is pyrolyzed kg/s
Rate at times corresponding to each point
(LFMAX+1) of the specified fire.
- FHIGH Fuel Height ~ The height of the base of the flames m
(LFMAX+1) above the floor of the room of fire
origin for each point of the specified
fire.
FQDOT Heat Release The heat release rate of the | '
Rate specified fire. '

(LFMAX+1)

With the three parameters, the heat of combustion (HOC) from CHEMI, FMASS and FQDOT,
the pyrolysis and heat release rate are over specified. The model uses the last two of the three to
obtain the third parameter. That is, if the three were specified in the order HOC, FMASS and
FQDOT, then FQDOT would be divided by FMASS to obtain the HOC for each time interval. If
the order were FMASS, FQDOT and HOC, then the pyrolysis rate would be determiend by
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dividing the heat release rate by the heat of combustion. If only two of the three are given, then

those two will determine the third, and finally, if none or only one of the parameters is present,

the defaults shown will be used.

ACTUAL

Cable tray fire -

CHEMI 16. 1. 10.0  33000000. 300.

LFBO 1

LFBT 2

LFPOS 3

LFMAX 12

FTIME 100. 100. 100. 100. 100. 100. 100. 200. 200.500. 500. 600. |

FMASS 0.0000 0.0019 0.0035 0.0048 0.0058 0.0067 0.0075 0.0081 0.0089 0.0096 0.0104
0.0107 0.0108 " |

FHIGH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FAREA 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029

FQDOT 0.00 6.20E+04 1.13E+05 1'.56‘E+05 1.90E+05 2.19E+05 2.43E+05 2.63E+05

‘2 ft. pool fire
CHEMI
LFBO
LFBT
LFPOS
LFMAX
FTIME
FMASS
FHIGH
FAREA
FQDOT

2.92E+05 3.12E+0S5 3.39E+05 3.50E+05 3.52E+05

6. 0. 100 47450000. - 300.
1

2

1

1

540.

0.0114 0.0114

0.00 0.00

0.07 0.07

5.43E+05 5.43E+05
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3.1.8 Species Production

Species production rates are specified in the manner similar to the fire, entering the rates

as a series of points with respect to time. The species which are followed by FAST are:

Carbon Dioxide

Carbon Monoxide
Concentration-Time Product
Hydrogen Cyanide

Hydrogen Chloride

Nitrogen

Oxygen _

Soot (Smoke Density)

Total Unbumed Hydrocarbons
Water

For a type two (LFBT=2) fire, such as those modeled in this analysis, nitrogen, oxygen,
carbon dioxide, carbon monoxide; soot, unburned:fuel and water are followed. In all
casaes, the unit of the production rates is kg/kg. The production rate is specified with
respect to the basic carbon production in the form of a ratio with carbon dioxide. For

carbon monoxide, for example, the specification will be CO/CQO>.

Label Parameter Comments Units
‘SPECIES (LFMAX+1) For each species desired a series

of production rates are specified

for each of the time points input
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HCR

OD

CO

Production
Rate of the
Fuel

Yield

Yield

for the specified fire. The program
performs a linear interpolation
between these points to determine the

time of interest.

The mass ratio of hydrogen to carbon kg/kg
as it becomes available from the fuel.
This parameter affects primarily the rate

of produciton of water.

The ratio of the mass of carbon to kg/kg
carbon dioxide produced by the
oxidation of the fuel.

The ratio of the mass of carbon . keke
monoxide to carbon dioxide |

produced by the oxidation of

the fuel.
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ACTUAL
Cable tra.y fire

HCR 0.330 0.330 0.330 0.330 0.330 0.330 0.330 0.330 0.330 0.330 0.330 0.330 0.330
CO  0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.023
OD 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034

2' pool fire
HCR '0.330 0.330

CO 0.007 0.007
OD 0.030 0.030

«F
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ATTACHMENT 2

TABLE A2-1
HEAT RELEASE (HRR) AND MASS LOSS RATES (MLR) FOR
CABLE TRAY FIRE o
TIME (sec) HRR (kw) MLR (g/sec)
0 10 0
100 62 1.901841
200 113 3.466258
1300 156 4.785276
400 190 5.828221.
500 219 6.717792
600 243 7.453988
700 263 8.067485
800 279 8.558283
900 292 8.957056
1000 304 9.325153
1100 312 9.570553
1200 320 9.815951
1300 327 10.03067
1400 1331 10.15337
1500 336 10.30675
1600 339 10.39877
1700 342 10.49080
1800 344 10.55215
1900 346 10.61350
2000 348 10.67485




TABLE A2-1
HEAT RELEASE (HRR) AND MASS LOSS RATES (MLR) FOR

CABLE TRAY FIRE
TIME (sec) HRR (kw) MLR (g/sec)
2100 350 10.73620
2200 351 | 1076687
2300 352 | 10.79755
2400 - | 352 10.79755
2500 ‘ 352 10.79755
2600 352 | 10.79755
2700 352 10.79755
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FIGURE A2-1
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TABLE A2-2
HEAT RELEASE (HRR) AND MASS LOSS RATES (MLR) FOR
2 FOOT DIAMETER POOL FIRE

TIME (sec) HRR (kw) MLR (g/sec)
0 » 543.203 1143516
500 543.203 ' 11.43516
1000 1543203 11.43516
1500 | 543.203 | 11.43516
2000 | 543203 11.43516
2700 | 543.203 11.43516
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Figure A2-2
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A Muliicompartment Model for the Spread of Fire, Smoke and Toxic Gases*

WALTER W JONES

National Bureau of Standards, Washington, DC 20234 (US.A.)

1. INTRODUCTION

In recent years there has been considerable
research in the area of the spread of fire and
smoke from a room of fire origin to con-
nected compartments. The work is motivated
by a need to understand and be able to
predict the environmental conditions which
occur as a fire develops and spreads. Much of
the attention has focused on the development
of numerical models which are able to make a
reasonably accurate assessment of the envi-
ronment from ignition. The motivation is
two-fold. Being able to correlate laboratory
scale experiments with full-scale tests is
desirable from a cost standpoint. More impor-
tant, however, from a life-safety and opera-
tional standpoint, the ability to make
accurate predictions of the spread of fire,
smoke and toxic gases opens up many possi-

bilities for combating these problems, as well

as taking effective preventive measures. The
ability to prevent the hazards from developing
becomes especially important as new and
exotic materials become available.

This paper describes a model which allows’
one to predict the evolution of a fire in a
room and the subsequent transport of the
smoke and toxic gases which evolve from this
fire. The numerical implementation improves
on previous work, for a review see Jones [1],
in particular by retaining the conservation
laws in their full differential form and solving
them as a set of coupled ordinary differential
equations (ODEs). Such a formulation takes
advantage of the effort which has gone into
solving such systems of equations. The result
1s @ numerical scheme which is considerably
faster and much more ‘rugged’ than previous
models.

*Contribution of the National Bureau of Stan- -
dards (U.S.A.). Not subject to copyright.

The model is assumed to be in a world of
uniform temperature T, and reference pres-
sure P,, with the outside of a wall at T, which
may not be the same as the ambient. The dis-
cussion is broken down into the basic struc-
ture and fundamental assumptions which go
into the model, followed by a derivation of
the predictive equations; a discussion of the

- source terms, the numerical implementation

and some calculations and comparisons with

experimental data. The notation is given 1n

Appendix A. The numerical implementation
of the model 1s modular and straightforward.
It is designed to be transportable.

2. STRUCTURE OF THE MODEL

The primary element of the model is a
compartment. The primary interest lies in the
composition of the gas layers in each of these
compartments. As such, the model is struc-
tured around fluid transport phenomena. In
this context, the predictive equations for the
gas layers in each compartment result from
conservation of mass, momentum and energy
together with an equation-of-state for each
compartment. The actual physical phenomena
which drive the transport are then couched as
source terms. Such a formulation allows the
greatest flexibility in adding, modifying or
deleting terms which are appropriate to the
problem being solved.

Each compartment is subdivided into one
or more “control volumes'. These control
volumes will be of sufficient size that we will
require only a few to describe any system of
interest. The choice is based on the premise
that the details which occur within such a -
volume do not concern us (at present), but
their mutual interaction does. Each of these
control volumes is called a zone. The rationale
for such a choice arises from the experimental
observation that when a fire spreads, the gas
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layers 1in the compartments actually stratify
into two distinct zones. This is a compromise
between a network model and a finite differ-
ence model. The former is computationally
fast but yields no information on the internal
structure whereas the latter yields a great deal
of information but requires more computa-
tional resources than is warranted. The two
zones are referred to as ‘upper’ and ‘lower’,
respectively. The basic equations describe the
mass, momentum and energy transfer from
zone to zone in a fire driven environment. A
schematic is shown in Fig. 1.

"u- (u

<o Sutface | —-——= [Ay]

S leqe

Fig. 1. A schematic of one compartment in the zone
model concept. Two layers (u, 1) and a single vent
are shown.

In considering dynamic systems, it is neces-
sary to solve a problem self-consistently. If
such is not done, then some of the dynamics
may be obscured or even lost. In particular,
discussion of movement of the zone interfaces
must be consistent.

The conservation equations for mass and
energy can be written in the form
dm i

& ;m. (1)

for mass and from the first law of thermo-
dynamics we have

d (EV dv o ‘
—_ + —— = +
Y )+p oy Q ,(2)

together with an equation of state
P=pRT (3)

which closes the set of equations, and with
the definitions

E=c,p(T =Ty)

h=cy Smy ol T=Te) = cum ol T = Ty) +

{

+ Ehi,o(TR)

Q = Q + QR + Qc = net energy input
¢ = index of other compartments

(i # volume of interest).

The term h; (Ty) is relative to the tempera-
ture from which this mass parcel, mdt, came.
It includes enthalpy of formation. The equa-
tion of state for an ideal gas is usually used
for closure of the system. More correctly it
should be written

P=P(p, T, {i}), {i} = set of species (4)

especially for applications to fire problems
which are not ideal gas problems. However,
for the case of an ideal gas, the denvations
and discussion are simplified, and generaliza-
tions can be discussed later. The sign conven-
tion is that positive fluxes on the right-hand
side of an equation will increase the quantity

being calculated on the left-hand side, that is,

transfer into a volume is indicated by a
positive flux on the right-hand side.

The general form of the model is to divide
each compartment into two zones: an upper
zone which contains a hot layer, and a lower
layer which is relatively cool. There may exist
one or more fires and plumes in each com-
partment and these can usually be considered
to be part of the upper zone. Mass and energy
transfer between the zones is provided by the
plumes, mixing at the vents, radiation be-
tween layers and flow along the walls. In
general a plume, once created, simply
transfers mass and energy from one zone to
another. Another set of equations could be
written for the plume, but as long as it is in
quasi-steady equilibrium, considering it to be
part of the upper zone is sufficient. Another
way of looking at the plume is to consider
it so small in mass, energy constant and
volume that it can be ignored except as a
transfer mechanism. For.some problems,
however, the plume must be considered a
separate zone along with the concomitant
conservation equations. An example would be
when the rise time of the plume 1s of interest
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Fig. 2. Radiation transport scheme. Shown is the view factor calculation of surface ‘i’ as seen by surface ', trans-

mitted through both layers.

or when the actual size and composition of
the plume is important. ' '

Since the conservation equations are
written in terms of the volumes of these
entities, a relationship between the height and
the volume is needed, such as

Hg

vu=f ZA(Z)dZ (5)
Z

to calculate the layer depths. This removes
the usual restriction that the compartments
be rectangular parallelepipeds, and allows

calculations for circular crosssections (air-

craft) and trapezoids (atria).

The radiation transport scheme used 1s
fairly simple and derives from the work of
Siegel and Howell [2]. The view factors which
are used in the calculation of solid angles are
concomitant with surfaces which are planes
or discs. The relationship is shown schemat-
ically in Fig. 2. The simplification used here
and discussed in more detail by Jones [1] is
retained, but the actual areas are used, and
the exact view factors are used wherever pos-
sible [3]. For example, in calculating the area
of the upper wall, allowance is made for any
vents which exist by subtracting their area
from the total wall area. In addition, ceiling
and upper wall, lower wall and floor are
treated separately (as pairs). This is necessi-
tated by the possible use of different mate-
rials for the respective surfaces which may
have different radiative properties, as well as
the different types of convective flow which
occur over each of these surfaces. More
correctly, we should consider three surfaces,
ceiling, wall and floor. This is under develop-
ment. A problem arises in treating vertical
convection as the layer depth tends to
zero.

Actual closure of the model is obtained by
assuming that the size of the compartment is
fixed so that

V=V, +V, (6)

and that there is a single reference pressure

pP,=pP (7)

at the boundary (interface) of the zones.

The set of equations which 1s necessary to
describe fully such a physical system can be
reduced by considering the physical impact of
some of the terms. In particular, the pressure
should be a general function of position,
P(X,Y,Z), in the compartment, which would
require us to include a differential equation
for the conservation of momentum explicitly.

- A general form for the perturbed pressure
might be :

2
P(x, y, t)=P(t) — fp(t)dz +8P(X. Y. Z, t)

(8)

where P is a reference pressure and is usually
the pressure at the base of the compartment.
In the spirit of the ‘control volume’ formula-
tion’ ‘

5P~ 0

This implies that acoustic waves are filtered _
out and that internal momentum need not be
calculated. The hydrostatic term is small in
absolute value in comparison with the refer-
énce pressure, so it 1s not necessary to carry

- this calculation through the equation of state.
Finally, the time dependent portion of the
hydrostatic term deals with the movement of
the interface, and thus can be ignored if
we limit ourselves to problems where the
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momentum associated with the discontinuity
(alternatively the velocity) is not significant.
Dropping the momentum equation for
internal waves increases the computational
time step a great deal since we are not limited
by the Courant time step criterion (time step
a grid size/speed of sound). This prohibits us

from considering problems such as deflagra-

tion waves and explosions. With these con-
siderations in mind, we will assume

P, =P =p (9)

The pressure in eqn. (9) is the reference
pressure at the floor. This simplification is
carried through the conservation equations
and greatly simplifies the resulting predictive
equations. However, it is necessary to retain
the hydrostatic term for the flow field calcu-
lations at vents. As we are considering only
small changes in the absolute pressure, differ-
ences of these terms will be comparable to the
hydrostatic pressure change, eqn. (8).

- For example, for eqn. (22)

5P ~1 1000 Pa

whereas
JtoiT ~ 0,7 a2 ~ 100 pa

where the integration is over a vent opening.
So the flow can be dominated by the hydro-
static term whereas the §P/P < 1%.

3. DERIVATION OF THE CONSERVATION
EQUATIONS

A zone model describes a physical situation
In terms of integrals of extensive physical
quantities. Thus we deal with total mass
rather than mass density, total energy rather
than energy density but temperature is used
as before - (an intensive quantity). The
‘integrals are volume integrals whose boundary

_ surfaces enclose the Euclidean space of

interest. The space with which we are con-

cermned usually is a compartment with zoneg

‘including a hot upper gas, a coo] (relatively)

lower layer, objects, plumes and fires. The
connections occur at the boundary of these
zones. Examples of possible connections are
the vents connecting compartments, the
radiation from a fire (o the compartment
walls, etc. With thic bare o R

u
Smyc, — — V,

conservation equations into a form which
describes a fire in terms of the quantities
which are appropriate to the control volume
approach, intuitively understandable and lend
themselves to measurement. '

3.1. Fluid transport
The conservation equations for each com-
partment of a two layer model are

dm
£ = m, ; ——m, (10)
a2
dm i
Fl Ty — (11)

d{ T, — Tg)) vdp“—Q+}i (12)
c;Cv’nu(u R udl u u

d{ T~T)}—vdp‘=c>+/z (13)
acvml(l R ldt ! 1

In writing these equations, we will make two
assumptions. First, that the fire will not feed
mass directly into the lower layer. Second,
we will write the upper layer equation as if
there is only one fire. If more than one fire
exists, then a sum over such sources is neces-
sary and if none are present, then this term,
vanishes. The source term @ includes all
energy transfers due to radiation and convec-
tion and 4 includes the enthalpy flow. We can
rewrite the energy conservation equations as
predictive equations for temperature, in
which case they become

dT dr, . . dm,,
=Quth,—¢,T, a

dt dt
+ e, Ty — (14)
——OEU
and
mc c—ji-vdﬁv—é +h —¢ @+
® dt ' dt L T Ty
*’CVTR(ﬂ (15)
dt

S by

The night-hand side of cgn. (g



temperature (Tg) is chosen arbitrarily. If the
only phase change occurs in pyrolysis of the
fuel, then we can set the reference pressure to
zero and include the pyrolysis energy as a sink
term in the energy release rate. As Tg = 0 we
obtain

By = Qqu) * Qalu) + Qc(u) — Qg +
+ Cp’hD(Tv —T,)+ sz’hi. T —T,) (16)
{

and
éf: Qf“) + Qn(l) + Qc(l) tcpym (T, —T))
: " .

(17)

The equations and assumptions necessary
to close this set are

P=pRT - (18)
puRT, = pRT, | (19)
with .

m=pV A (20)
and V=V, +V, = constant , (21)

The energy source terms {E,, Eu} are shown

schematically in eqns. (16, 17) but can be
much more compiex and depend upon the
configuration. Combining eqns. (10 - 11) and
{14 - 17), together with the closure relations,
we obtain '

drP s

s 22
dt  B-1)V (22)
dT, 1/ T,\/. vV, .
e
dt B \PvV, B-1V :

dTy 1 T, \/. Vi '
— = —-(— Ej+ —— 3§ (24)
dt B \PV, g—1)V

av, 1 . .V e
a = P_ﬁ com T, +E, — 73 (25)
where

s=com Tu*com T+ E v B (26)
and B=c,/R=7v/(y—1) @21

It should be pointed out that the equations
are wrnitten in this form for the sake of clarity
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" and simplicity. In a numéricaJ implementation

there are better ways to express the source
terms which minimize the problem of the
small difference of large numbers.

4. SOURCE TERMS

Equations (22 - 25) are written so that
physical phenomena which affect the environ-
ment are source terms and appear on the
right-hand side. Sources which appear directly
are:

1. radiation between the gas layers and

walls, fires and other objects,
. convective heating,
. flow in plumes,
. flow in vent ets,
. mixing at vents.
Phenomena which are included but do not
show up explicitly are:
1. radiation between objects,
2. conduction through walls and objects.

oL N

4.1. Source terms: radiation
" In order to calculate the radiation absorbed
in a zone, a heat balance must be done which
includes all objects which radiate to the zone.
Clearly, in order for this calculation to be
done in a time commensurate with the other
sources, some approximations are necessary.
The terms which contribute heat to an
absorbing layer are the same (in form) for ali
layers. Essentially we assume that all zones in
these models are similar, so we can discuss
them in terms of a general layer contribution.
Radiation can leave a layer by going to
another layer, to the walls, exiting through a

" vent, heating up an object or changing the

pyrolysis rate of the fuel source. Similarly a -
layer can be heated by absorption of radiation
from these surfaces and objects as well as
from the fire itself. The formalism which we
will employ for the geometry is that used by
Siegel and Howell {2] and is shown in Fig. 2.
The radiative transfer can be done with a
great deal of generality; however, as with
most models we assume that zones and sur-
faces radiate and absorb like a grey-body with
some constant emissivity {¢ < 1).

A further assumption consonant with the
stratified zone assumption is that emission
and absorption are constant throughout a gas

laver In application to a growing fire, a
i
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_ fuﬂher assumption is made that the lower

layer is mostly diathermous. Although not a
necessary assumption, this reduces the com-
putation time for this term by 50%. For
smoke propagation some distance from the
{ire(s) such an assumption will not be valid,
but the temperature will be so low that

radiation will not be the dominant mechanism .

for heat loss. Flames, plumes, fires, objects
and bounding surfaces have some average
shape from which the view factors can be
calculated. The walls of compartments are

_ usually flat and rectangular. The gas layers

are spheres with an equivalent radius of

L=4V;A (28)
and an effective emissivity of ,
=1 —exp(—al). (29)

The terms which conmbute to heating of

a layer are:

D=1

1. fires and plumes,

2. walls,

3. other layers,

4. vents (radiation from other compart-.

ments},

5. nonburning objects.

The radiation balance of items 2 - 5 can be
dealt with using the foliowing notation:

£, — geometrical view factor of surface U).
by surface (k)

0 — Stephen-Boltzman constant = 5.67 X
1078 W/m?K*

a — absorption coefficient of the upper gas
layer m™!

L — mean beam length of the equivalent
sphere (m), defined in eqn. (28)

€. — emissivity of the upper/lower walls

¢, — emissivity of the upper gas layer

Using the formalnsm of Siegel and Howell
{2]) we have

T e MY =€) F T = (1 = €)F,,)
{1 =€l = ¢,)(1 = ¢,) FyF,,} (30a)
1, (11 = (1 = €)F 11~ (1 = ¢,)F,]
. - {(1 —¢ )1 — ég)’Fu,F,u}lo7‘w"
(Y =€ )F, 0T, {1+ (1~ ¢)
LT R RN VAN o l-‘,,~l<u;’1;-“'
(30h)

= ({1 = (1 = el =€ )FuJ(1 — Fy)
- (1 - Cu)(l - Cg)ZF‘\JII“IuIOT‘Iw4
- (l - cg )}"Iucuo’rqu

— {1 = (1 =€)l = ¢ )Fu.F

+(1 —€,)(1 —€)F)e,0T,* (30c)
Finally,
Q(uppcr) =A,e,01,/D
Q(Iower) = A,¢,01,/D

To this must be added the energy radiated by

“the fire. A heat transfer balance with the fire

Is not necessary simply because the amount of

V~heat radiated by the fire is usually much

greater than that absorbed by the fire. In
order to investigate flashover, however, this
calculation must be generalized to include the
fire and lower layér absorption in the
radiative heat balance equation rather than
relying on the postulate that superposition of
the terms is sufficient.

A simple example of the results can be
given for the case

€,=¢€ =1,

for >which we have

Q= —0[e T, A + (1 —e¢ )T (AL + AL)
4 14 [4

—TutAL— e T4~ T,0A,) + FQ

(31)

where

A4 = area of the upper/lower layer dis-

continuity

A = area of vents which the gas layer ‘sees’

“A, = area of the upper wall (including ceiling)

F( = fraction of the fire which radiates times
- its view factor for the gas layer

A=A+ Ay

4.2. Source terms: convective heating
Convection 1s the mechanism by which the

gas layers lose (or gain) encrgy to walls or

other objects. Conduction is a process which

1s intmately associated with convection bt

Cas it does not show up direetdy asa term for



heat gain or loss, it will be discussed
here. ’

Convective heat flow is energy transfer
across a thin boundary layer. The thickness
of this layer is determined by the relative
temperature between the gas zone and the
wall or object surface, see Schlichting (4] and
Tumer [5]. We can write the heat flux
term as

Qc = h(T, — T,)A. (32)

where the transfer coefficient can be written
as

I

C,(Gr X Pr)!"/3

k
e l
The terms are:

A, = area of wall(s) in contact with the zone
Gr = Grashoff number = gi*|T, — T, |/v?T,
Pr = Prandtl number = 0.7

k = thermal conductivity of the gas
T + Tw 4/5
=27X 10—7(—13—)

! = length scale =~ \/A,.
C. = coefficient which depends on orienta-

tion (5]
Nu = Nusselt number
T + T /4
v="1718X 10“0(—‘—2—‘”)

For the cases of interest

Orientation Coefficient Condition i
Vertical 0.130 Gr X Pr>10% -
Horizontal 0.210 T,>T,
Horizéontal 0.012 T < T

’I‘he coefficients for horizontal surfaces apply
to a slab over the zone. For the inverse of this
situation the coefficients should be reversed.

4.3. Source terms.: plumes ,

A fire generates a plume which transports
mass and energy from the fire into the upper
layer. In addition, the plume entrains mass
" from the lower layer and transports it into the
upper layer. The former generally increases
the upper zone intemal energy whereas the
latter will have a cooling effect. For a fire -
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which is consuming mass at a rate m,, heat
addition will be
Q= Xc'hl 'Hc

Some fraction, xg, will exit the fire as radia-

" tion and the remainder will be left to drive

the plume. We can empirically divide the heat
transfer into actual combustion and simple
gasification. The former, denoted by x., is the
relative fraction of pyrolysate which partici-
pates in the combustion. Also, once combus-
tion occurs, a fraction of the energy leaves
the fire as radiation (xg @) and convective
energy ({1 — xg}Q). The former is a function
of such external effects as radiation, e.g.,
other fires, and vitiation. The latter efficien-
cies relate to sootiness and Froude number.
The mass flow in a plume comes from a
correlation of experimental data given by
McCaffrey [6]. This correlation divides the
flame/plume into three regions:

flaming:
mg,=0.011Q(Z/Q? %)% 3¢

Z/QY5 < 0.08 A
intermittent:

o= O.OZGQ(Z/QZIS)O.'?O‘) }- (33)

0.08 < Z/Q¥?<0.20

plume

= (. 124Q(Z/Q2/5)’ 895
0.20 < Z/QY*

Entrainment in the intermittent region

- agrees with the work of Cetegen et al. [7] but
-yields greater entrainment in the other two

regimes. This difference is particularly impor-
tant for the initial fire as the upper layer is
far removed from the fire. In this formula-
tion, the total mass flow in the plume is given
by the above correlation and the fuel
pyrolysis is related to it by

Mot =fmz,Q) - (34)

given above.

4.4. Source terms. door jels .
~ Flow at vents is governed by the pressure
difference across a vent. In the control vol-
ume approximation the general momentum
equation for the zones s not solved . Instead.
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the momentum transfer at the zone bound-
aries is included by using Bernoulli’s solution
for forced flow. This solution is augmented
for restricted openings by using ‘flow coeffi-
cients’. The modification deals with the
problem of constriction of velocity stream-
lines at an orifice.

There are two cases which apply to these
models. The first, and most usually thought
of in fire problems, is for air or smoke which
is driven from a compartment by buoyancy.
The second type of flow is due to a piston
effect which is particularly important in the
early stages of a fire. Rather than depending
on density difference between two gases, the
flow is forced, for example, by volumetric
expansion when combustion occurs.

The results used for this model are those
of Bodart and Jones [8] and will not be
duplicated here. The notation used is:

S = smoke

A =air :

ij = flow from compartment (i) to (j)
P = floor pressure (reference)

The order of the letters indicate the type of
atmosphere from which the fluid is coming
and to which it is going. As many as three
neutral planes can exist for such flows. Two
mixing phenomena which occur at vents are
similar to entrainment by plumes. For the
case when hot gas leaves a compartment and
is driven by buoyancy into the upper layer
of a second compartment, a door jet exists
which is analogous to a normal plume. Mixing
of this type occurs for flow

and is discussed in detail by Cetegen et al.

(7] and Tanaka [9]. The other is much like

an inverse plume and causes contamination
of the lower layer as cold gas from a com-

partment flows through a hot layer in a

second compartment and is driven by
buoyancy (negative) into the lower layer.
Quintiere et al. [10] discuss this phenomena
for the case of crib fires in a single room and"

deduce the relation

. le N _'ZI

ui

This term is predicated on the Kelvin-
Helmholz shear flow instability and requires
shear flow between two separate fluids. The
instability is enhanced if the fluids are of
different density since the equilibration dis-
tance is proportional to Yp. A schematic of
this type of flow is shown in Fig. 3. As can
be seen, mixing into the lower layer of a room
occurs under the same conditions for which
the ‘door-jet’ mixing to the upper layer
occurs.

4.5. Source terms: fire : .
Currently we can deal with two types of
fires. The first is a specified fire.. Then the
mass pyrolysis rate is specified and the heat
release rate becomes :

Q.( =hcf;'ll_Cp(Tu_T{)rhf_Qprhl (37)

whereas the mass loss rate, m,, is related to

the pyrolysis rate by

’hv _I';I{ = (1 - Xl)rh\-

Fip 3 Posaible noperfowe: o oy e . o L T T



As the burning efficiency becomes 100%, all
of the volatiles are burned, and nothing
remains for sooting. The heat release goes into
radiation and enthalpy flux

Qulfire) = xr @,
Q.(fire) = (1 — x)@Q,

The term Qc(fire) then becomes the driving
term in the plume flow equation (see eqns.
(33, 34)).

This approach is extended for a pool fire.
A pool fire is basically the same except that
it Is driven self-consistently by reradiation
from the compartment and the flame itself.
From Rockett (11] we have

Qf = Q.R(eXt') + Qﬂame - QRR + Qconv - Qcond
(38)

where

QR = external radiation to the fuel source
Qm,m = radiation from the flame back to the
) fuel
&rr = fuel surface reradiation :
Qconv = enthalpy flux away from the fire
Qcona = conductive heat loss from the fuel to
the surroundings

4.6. Source terms: conduction
~ Conduction of heat through solids is not a
source term in the sense mentioned earlier.
That is, loss or gain of energy from solids
occurs by convective heating, which in turn
is influenced by subsequent gain or loss
through the solids. However, as much of the
net heat loss from a'compartment occurs
through loss to the walls, as well as heating of
interior objects, the form of heat propagation
in solids will be discussed here.

The equation which governs the heat,
transfer in solids is
oT &k - . .
3 e v (39)
and is a linear parabolic equation [12]. As
such, it must be solved by a diffefent tech-
nique than is used for the ordinary differ-
ential equations which describe mass and
enthalpy flux. In order to couple these sys- -
tems in a reasonable way, we appeal to the
principle of time splitting. Simply stated, we
have two systems of equations which are
decoupled as long as the time step used is
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short compared to the characteristic time
scale for either set of equations. Wall temper-
atures change and the characteristic time for
énergy flux through a solid is characteris-
tically on the order of minutes. By using a
time step of no more than one second the
applicability of time splitting is assured.

Currently the model assumes two walls, the
upper wall (and ceiling) which is in contact
with the upper layer, and the lower wall (and
floor) which is in contact with the lower
layer. A refinement will be to separate the
ceiling and upper wall, and the lower wall and
floor. This will be useful since walls are
generally constructed of materials whose
thermal properties are different than the
ceiling and floor. A futher assumption is that
conduction is one dimensional only. That 1S,
the heat equation is

ATk T
at  pc dx?

and the solid behaves as an infinite slab in the
other two space dimensions. A corollary to
this is that the wall in contact with the gas
layer changes temperature instantaneously as
the layer interface moves up and down. Such
a formulation is not entirely satisfactory as
there is a finite equilibration time for the
solid. An additional refinement will be<to .
extend this equation to two dimensions to
track the layer as it moves up and down. So
far, the only zone model to attempt to in-
clude this effect 1s discussed by Jones [1] and
Mitler and Emmons {13]. Even in this case
the attempt was made only to include heat
loss from the upper layer as it moves down
and comes in contact with cool lower walls.
However, the phenomenon is important, as is
discussed by Quintiere et al. {14], especially
as the thermocline in the wall will influence
the direction in which the wall boundary flow
propagates.

Conduction through solids occurs in two
places: the compartment walls and interior
objects. The technique used is the same in
both cases, although the boundary conditions
on the equation may be different. Generally
a slab is cut into N intermediate slices (N +1
nodes). Then egn. (40) is solved for each
slice. The actual finite difference used is a
time centered, implicit scheme which 1S sym-
metric about the nodes. For the interior
nodes we have '

(40)
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! n ’ ’
T, [1+n]-= E[Ti'l + T, )+

+§Tl‘+ g[Tlol —2T; + T;_,])

(.4 la)

where
_ Atk
1 Ax pc

and for the edge nodes

o PP
2

_ 77 [ ’ + QC
= — 1o ¥ —
(

+$T.-+ 2 [T,..-T.t 95];
2 k

(41b)

"I‘he temperature at the starting time at node

‘i"1s Ty and at time t + 8¢ it is T,'. The number
of nodes is chosen to reduce the residual error
to some reasonable value, say less than 1%.
Use of N > 20 will improve precision with no
concomitant increase in accuracy. This tech-
nique would allow one to use different
constituents for each slab, although such is. .
not done in the current implementation. Each
time step requires both an initial condition
and one boundary condition. We start with
the internal temperatures in each case, and
the flux on the ‘hot’ side. The usual scheme

1s to set the far side boundary condition to
zero heat flux (which allows heat build up in
the interior) or to approximate the far side
exterior as a constant temperature bath.
Either technique is satisfactory unless this far
side happens to be the interior boundary for
another compartment.

5. NUMERICAL INTEGRATION

tc. has been formulated as a set of differ-
ential equations. These equations are derived
from the conservation of mass and energy. As
a result, most of the equations are non-linear
and first order ordinary differential equations
(ODE). The exception to this rule is the heat

I The problem of the spread of fire, smoke,

bolic equation, 1 one or two dimensions. The
former can be solved using implicit predictor-
corrector methods [15], and the latter by
successive over-relaxation (SOR) [16]. _

In the numerical implementation, we have
relied on the validity of a technique called
time splitting. Simply stated, we have de-
coupled equations which have greatly differ-
ing relaxation times, that is

where L, varies by more than an order of
magnitude for each process. Except for the
driving program which invokes the hydro-
dynamics, species transport and thermal con-
ductivity, the various modules which incorpo-
rate the physical processes are exercised
separately and interact as source terms. This
splitting technique is standard but the
inherent assumptions should be checked when
implementing a new numerical model. In
addition, a check should be made at each time
step to insure that the relevant stability
criterion (similar to a Courant condition for
fluid flow) is not violated.

For both types of equations the solution at
each time step is found by an implicit scheme.
The implicit method allows us to implement
the numerical solution as a time centered

-algorithm. This insures reversibility in the

physical phenomenon, at least for non-
diffusive systems. A test of this assertion is
to exclude thermal conduction, integrate

.from an initial condition to some final time,

and subsequently, by changing the sign of the
time step, we should be able to retumn to the

starting position. A time reversal calculation
is an important step in assuring ourselves that

the integration scheme itself is not dissipative

and thus will not relax to an incorrect final
state. This is a real property in non-dissipative
physical systems and should be mirrored as
closely as possible in a numerical model.
When conductivity s included, such
reversibility ceases to be strictly valid, of
course. o ,

An additional virtue of the time centered
scheme is avoiding the bifurcation which can
occur in pure leapfrog schemes. The dis.
advantage is the one additional source calcula-
tion required at each time step. This time

Anvnanara Sy By chyee b e



with the ‘corrector’ phase of the implicit
scheme.

The order of the integration is as follows: .

(1) Estimate the values for pressure, etc. at
to + 6t. : :

(2) Find the source terms for eqns. (22 -
23) based on the time centered values (¢, +
1/26¢).

(3) Integrate eqns. (22 - 25) using the
source terms defined at the time centered
positions.

(4) Repeat steps (2) and (3) until conver-
gence is reached.

(5) Integrate the conduction equation
using the SOR technique.

The following illustration shows where
each of these time-step points is, in relation
to steps (1 - 5):

(1) to——t, + 6t
estimate values at (£, + 8t)

(2) to——x «——t,+ 8t
find sources at (¢, + 6¢)

(3) to =1t +6t/2 —>t,+ 6t
integrate from (tq) to (¢, + 5t/2)

(4) to—> o+ bt
repeat steps (2) and (3)

(5) to—1ty+ 6t
integrate conduction equation

Since each step is of at least second order
accuracy, the overall scheme will also be
second order accurate (0(8¢3)). The relative
error allowed at each time step is ~1073. Thus
the precision is greater than the precision of
the computer being used (at least as long as
these calculations are being done in single
precision).

As for the integration scheme itself, it is
derived from an Adam-Bashford backwards
difference scheme [15], of order k = 1. This
yields a single step predictor and second order
corrector, 0(6t3). These equations become
‘stiff’ if the individual source terms are large,
which leads io a short time step, yet the total
source function may be tightly coupled if the
solution is being approached asymptotically.
Another possibility is that the source terms
for the varigus equations differ by more than
an order of magnitude. In cither case, the
usual time step criterion would require a time
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step which is prohibitively short. It is possible
to modify the Taylor expansion used in ob-
taining the predictor-corrector scheme to use
the asymptotic nature of the equations to
enhance the speed of the solver [17].

The general form of an equation is
dn
dt e in=1
Using the notation n(0), q(0), {(0), f(0) are
the initial values at time (¢,), and n(1), q(1),
(1), and f(1) are the values at the new time
(to + 6t), we obtain first for the normal equa-
tions

' 5t
predictor n(1) = n(0) + 3f(0) (42a)

. ‘ 50 .
corrector n(1) = n(0) + —2— (f(0) + f(1)) (42b)

and for the stiff equations

- ot
i = _ 43
predictor n(1) = n(0) + T+500) f(0) (43a)

26t
1 +6¢{1(0) + (1)}

X {f(0) + q(1) — l(1)n(0)} ..
(43b)

corrector n(1) = n(0) +

The corrector must be iterated until some
specified error criterion is reached. If the
specified error cannot be reached in a small
number of iterations, say two or three, then
the time step must be reduced. It turns out
to be advantageous to halve the time step for
each instance that a reduction is required, and
increase it by only 10% for each subinterval
that the error criterion is satisfied.

One technique which has been used in
previous work to reduce the solution time for
these equations is to convert them to an
algebraic form. The conversion is done by
noting that the final state of the equations at
each time step is a pseudo equilibnum. Thus
the transient term can be dropped. For a
number of reasons, simultaneous ODEs are
generally easier to solve than the correspond-
ing algebraic equations unless one is exceed-
ingly close to the solution. Such an assertion
is difficult to prove in the general case but
two examples should suffice todindieate the

+
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difference in the nature of the root finding
procedure. One of the simplest nonlinear
algebraic equation is

AB=C

with A, B, and C being integers. Until recently
this nonlinear decomposition was thought to
be unsolvable (in finite time) for an arbitrary
value of C. Also, a straight comparison of this
method (embodied in a model) with other
models using the algebraic scheme, has shown
a reduction by at least a factor of ten in the
time required for a given calculation. A
detailed timing comparison of several models
1s given elsewhere [18].

6. COMPARISON WITH EXPERIMENTAL DATA

The series of tests which serve as a data-
base for this analysis are based on a two-room
\re scenario by Cooper et al. [19] and an

‘ngoing series of full-scale validation tests at
the National Bureau of Standards. The former
was a two-room configuration, consisting of
a burn (or fire) room and a corridor. It is
referred to as the ‘Nike Site’ in later discus-
sions. The latter is a three-room configuration
with the additional room being a target room
for testing high density occupancy, referred. .
to'as ‘Building 205’. The geometry of each of
these configurations is shown in Table 1.
Comparisons between the model and
experimental data are for fires of 100 kW.
Figures 4 and 5 show the comparison for the

tures in the burn room and corridor, and the
interface height in the corridor. Figures 6 and
7 show a similar comparison Lo the current
experiments in B205, a full scale facility at
NBS. It is apparent-from a comparison of
Figs. 4 - 7 that plume entrainment is esti-’
mated very well but that the door jet entrain-
ment is underestimated. We can see this from
the good agreement between experiment and
theory in any compartment which contains a
primary plume whereas in other compart-
ments the predicted temperature is too high
and the layer depth too small in comparison
with experimental values. This underestima-

Nike Srte 100 kW

400 T T T
______________
300 F-~ R
Comaor
200 1 1

TEMPERATURE (K)

300 t+ .
Burn room
200 1 1 1
0o 1) 150 225 300
TIME (s)

Fig. 4. Comparison of experimental and calculated
temperature profiles for the upper layer in the burn
room and corridor in the ‘Nike Site' experiments

Nike Site tests for the upper layer tempera- (Table 1).
TABLE 1
Geometry data for validation calculation
Burn Vent Corridor Vent Target
Nike Site Depth® 4.3 - S11.1-20.2 -
Width 33 1.07 2.4 0.95
Height 2.3 2.00 2.3 0.15
Arca 14.2 2.14 26.6 -48.4 0.14
Volume 32.2 - 61.2-1123 -
‘g 2056 Depth 2.3 - 12.2 - 2.3
Width 2.3 1.0 2.4 1.0/1.0%* 2.3
Height 2.2 1.9 2.4 1.9/2.0 2.2
Area 5.5 1.9 29 7 1 9/20 5.5
Volume 118 - 72.6 - v 1t s
*Langths are in meters, areas in square meters and volumes in cubic meters
R T S S O LA U I PITE S P

k‘\'].‘\'?' V1as from corridor Lo taryet ronm
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tion occurs in the regions which McCaffrey Another factor which gives rise to disparity
(16] calls the flaming and far field regions. In between theory and experiment is the as-
the intermittent region, where the results of sumption, in the model, of known and
McCaffrey [6] and Cetegen et al. [7] agree, uniform wall materials. In the experiments,
the entrainment rate appears to be correct. walls consist of several materials in a com-

posite such as calcium-silicate board over
gypsum. Allowing for these factors, the agree-
ment seems quite good. As research con-
tinues, these discrepancies will be resolved.

T T T

Nike Site Corridor 100 kW

‘@ TC at 20%
e TC at 10% 1
—— Theory

7. STABILITY AND COMPLETENESS

There are a number of phenomena which
are either not mcluded or. need additional
work. They are: ,

1. Wall effect — two dimensional, unsteady

heat flow

2. Separation of flow — vents

3. Ceiling jet — transit time
1 The first refers to the finite thermal inertia
of the wall as the hot layer moves down (or
possibly up). There will be a two dimensional
thermocline in the wall which differs from _
: . . that in the compartment. Although this has-
03l \ _ only a small direct effect, it can lead to flow

along the walls which can subsequently con-
tribute to contamination of the lower layer.
0 y L 4 . Such effects become particularly important as
o} 75 150 225 300 400
TIME () the:smoke travels further from the fire source
and temperature differentials become small.

The second problem is quite important for

asymptotic predictions, especially near the

INTERFACE HEIGHT (m)

0.6 : . -

Fig. 5. Comparison of experimental and calculated
interface height in the corridor of the ‘Nike Site'
experiments (Table 1). Sce refs. 14 and 19 for an

explanation of the criteria (10%, 20%) used to deter- room of fire origin. Currently we assume that
mine the experimental interface height. hot gas mixes with hot gas or cold with cold

200

205 CORRIDOR - 100 aw
B Expeniment (15%)
2 Theory
w
<
>
bt
L4
14
w
S o0 St
& == .
« B
w \
> N
< - )
- A
a )
w :
a .
a -
>
0t— : —_—
o] 900 1800
TiAE ()

Fig. 6. Comparison of expenimental and calculated upper laver temperature in the corndor of "BUun experuments

{Tahle 1)
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T
25 Ceiting
205 Coeridoc 100 kW

”0 ‘ -~ - - Expeciment (15%) .
2 —— Theor
E N '
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Fig. 7. Comparison of experimental and calculated interface height in the *B205' experiment (Table 1)

gas as it traverses a vent. This was a reasonable
approximation while the lower layer was as-
sumed to be ambient. Now that we calculate
the lower layer temperature, we find that the
recirculating gas may have a temperature of
the order of the lower layer of the room into
which it enters. A particular example will dem-
onstrate the effect. In a two-compartment cal-
culation, Jones and Quintiere [20] found that
the layer outside of the burn room is lower
than that in the compartment of fire origin.
As there is no source of heat in this second
compartment and cooling occurs due to mix-
ing, the upper layer in this adjacent space is
cool relative to the upper layer in the fire
room, and even comparable in temperature
with the lower layer. Currently we assume all
of the hot gas in the adjacent room, which
flows into the fire room, will be deposited in
‘the fire room upper layer. As can be seen in
Fig. 8 (Evans [21]), this assumption leads to
discrepancies in prediction versus experiment.
A better approach is to divide the incoming
flow into two components: for flow into
compartment (i) from compartment (j), we
have a component into the upper layer

(7‘u/_TlI) .
N m; .,
Tul _Tu

with the remainder going into the lower layer.
This occurs only after an interface discon.
tinuity has been established.

The third problem will only- be important
for very I(mg cormdors (20 m) or vér_v tall
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Fig. 8. An example of the upper layer separation
which occurs in actual flows. -

transient phenomenon. For purposes of siting
smoke detectors, for example, this transient
may be important.

8. CONCLUSIONS

The fire and smoke transport- model, as
described in this paper, is quite detailed and
complete as far as our current understanding
of fire phenomenology is concerned. It draws
on a great deal of the research \nto fires which
have occurred over the past ten years, bulling
together much of the best work whirch has
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implementation is of particular interest 8 W. W. Jones and X. Bodart, On a proof of the
because it is extremely durable. The problems solvability of the conservation equations which
. . . . . describe the transport of fire and smoke, Fall
discussed in Section 7 ‘Stability and Com- Technical Meeting of the Combustion Institutc.
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area (m?); A, A, Ay are the upper and lower compartment surface areas in contact with

I

the upper and lower gas layer, Fig. 1, respectively. A, is the interface area between the
upper and lower layers. In Section 4.4, ‘A’ is used as a variable in the flow equations to
indicate air. a '

width of a vent (ni) .

flow coefficient = 0.6 - 0.7 for both smoke and air

specific heat — ¢, ¢, (J/kgK)

50D
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energy release rate (J/s) :

internal energy of the gases — see eqn. (2)

view factor — relative area of ‘i’ as scen by 4’ (dimensionless)
acceleration of gravity (9.8 m/s?)

height (m), H, H,, are the upper and lower limits of a vent — Flg 1
enthalpy (J/kgK)

heat of combustion — theoretical (J/kg)

compartment indices

thermal conductivity (J/smK)

mean beam length (m) equivalent opaque sphere

mass (kg)

mass flow (kg/s):

m, — rate of release of volatiles

“m, — entrained into a plume

mg — fuel burning rate = x_m,

m,, — mass entering room ‘i’ from room ‘'

m, — flow rate in plume (m, = m, ~ m,)

height of the neutral plane (m) -

pressure (Pa):

P — P — floor reference pressure

P, — outside ambient pressure

rate heat is added or lost (J/s):

Q., Q, upper, lower zones, respectively

Q¢ — fire (h,m,)

Q, — objects

Qg — radiation

Q. — convection by walls

Q. — radiation added to upper gas layer

Qi — radiation from surface ‘k’ :
Q, — combustion energy lost by formation of volatiles
gas constant for specific mixture

smoke — Section 4 .4

time (s)

temperature (K)':

T, — ambient

T. — external wall

T, — upper wall

Ty — lower wall

Tr —reference temperature for enthalpy flow

T, — upper zone temperature

T, — pyrolysis temperature

volume (m?)

layer thickness (m) — mterface height in compartment (i)
absorption coefﬁCIent of upper gas layer (m™'), thermal diffusivity (m?s)
ratio of specific heat (cplcy)

emissivity (dimensionless):

-€; — surface ‘i’

€g — upper gas layer
€, —upper compartment surface
€, — lower compartment surface
mass density (kg/m?); p,; — density of the lower layer in compartment (1)
thermal conductivity (J/msK)
Kronecker delta = ¢ £ )
=1 1=y
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At time step (s)
Ax spatial discretization

Subscripts — In general ‘u’ and ‘I’ indicate upper and lower gas layer, respectively. For.area and
emissivity variables, reference is to the compartment itself.
APPENDIX B
Shown in Table 2 is a sample input for FAST. The organization is that control is at the
beginning, followed by component information, connections, wall properties, a description of the

fire, species generation information and finally file descriptors for graphics and the dump file.

TABLE 2

VERSION 16 Toxic hazard evaluation

Timesteps 600 120 000 0 0
NFLOR 1 NUMBER OF FLCORS IN THE CALCULATION
NROOM 4L TOTAL NUMBER OF ROOMS
NMXOP 1

Tamg 300.

HI/F 0.0 0.C 0.0 0.0

WIOTH 3.3 2.4 2.9 2.4

ODEPTH 4.3 18.8 9.9 9.9

MEIGH 2.3 2.3 2.3 2.3

HVENT 1 2 1.07 2.0 0.0
HVENT 2 3 1.07 2.0 0.0
HVENT 3 5 0.95 .1 0.0
HVENT 2 4 1.07 2.0 0.0
HYENT 4 S .95 .10 0.0
WALLS 2

CONDO  .0012 .0012 .0012 .0012
SPHT L340 . 840 .840 . 840

OnNSTY 2000. 2000. 2000. 2000.
THICK 0.50 0.50 0.50 0.50

EMISS 0.8 0.8 0.8 0.8
COND  .0012 .0012 .00%12 .0012
SPHY L840 .840 .840 -840

ONSYY 200G. 2000. 2000. 2000.
TmICx 0.50 0.50 0.50 0.50
EmMISS. 0.8 0.8 0.8 0.8

LFBO 1 ROOM OF FIRE ORIGIN -
LFBT 1 TYPE OF FIRE (GAS BURNER)
LFKAX 6 NUMBER OF INTERVALS OF FIRE GROWIN
LFPOS 1 POSITION OF THE FIRE (CENTER)
1.0 0.0 .750 .250 .Q0 49758 300. .0
FMass  .C02 .002 .002 .002 .002 .002 .002
FeREA .S .5 .S .5 .5 .5 .5
FrIGH .0 .0 .0 .0 .0 .0 .0
FTIME 60. 60. 60. 60. 60. - 60. - .
SPECT 31.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
SPECT 7 1.0 -025 .025 .025 .025 .025 .025 .025 .02%

SPECI 9 3560. .02 .02 .02 .02 .02 .02 .02 .02
SPECT 10 31.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 )
ENDSP

[n general, the first word in each line is a key word and must be included. The explanation of
this file will be by example:

Line Meaning A ‘ ’
1 version and title
2 time step information

600 = number of seconds for the calculation
120 = print interval
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7-10
11-16

18 - 27

28
29
30
31
32

33
34
35
36
37 - 40

41
42 - 44

120 = dump interval (requires files)

"1 — graphics interval (requires files)

0 = hard copy counter o

Number of floors — not used with this version, but retained for compatibility

Total number of compartments

Maximum number of openings between compartments (<4)

ambient temperature,

compartment geometry, W X L X H X Floor (1 - NROOM)

connection configuration (outside is compartment NROOM + 1)

number of walls used in the calculation’ .

thermophysical properties of the upper and lower walls respectively (units are
SI except energy (kJ) and power (kW).

which compartment the fire is in

type of fire (currently only a gas burner is aJlowed)

number of intervals for production rate?

_interior position of the fire to establish entrainment rate (1 — center)

fuel properties necessary for partial combustion

1.0 — fraction of pyrolysis which burns

0.0 — fraction of water in the fuel

0.750 — fraction of carbon in fuel by weight

0.25 — fraction of hydrogen in fuel by weight

0.00 — fraction of oxygen in fuel by weight .

49758 heat release rate (kJ/kg)

300.0 fuel inlet temperature

0.0 fraction of heat which exits the fire plume

in the lower layer as radiation

mass loss rate at each end point (kg/s), LFMAX + 1,
area of the fire at each end point (m?)

height of the base of the flame (m)

duration of each time-interval (LFMAX) - -
fractional production rate of species 3, 7, 9 and 10 °
first number is species (1 = 12)

second number is a conversion factor

third through LFMAX + 3 are fractional production rates®
termination label (required)

file descriptors

DISFG = plan view?

CONFG = layer information® _

DUMPR = dump file for FASTPLOT’

- There are two primary output files for the model. The first is binary (UNIT = 9) and 1s used by

the routine ‘FASTPLOT’ described in Appendix D. The other is an ASCII file (UNIT = 6) and
usually is displayed on the printer. Units are SI (MKS) except for energy which is in kd. The
meanings of the symbols, in the order which they appear, are:

!Currently an upper and lower wall are used. This will change shortly to four v.alls to reflect lhe physical differ-
ence among the cetling, walls and floor. ‘
?Figure 9 shows a sample fire production curve.

3Species 1

-12are N;, 0,, CO,, CO, HCN, HCL, ThHC, H,0, smoke density total % LC.y. smoke number

d(nsnl) and HCL number density .
“Fraction of the mass burning rate at the LUI(CS[)()I\dInk u\dpuml (sce hne 33 and Fig. 9)
*Format for the praphues files s givern i CNTSIR L e A Fadeli too
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“,0-4L A sample fire interval (I -Ig) production
curve which requires six and polnts (E,-Eg)
- See Appendix 8

MASS LOSS RATE (xg7s)

TIME (s) .

Fig. 9. An example of fire size specification through mass loss data.

Initial — reiterate the input parameter, generally in the order of input
Timestep output -

TIME — simulated time (s)

U. TEMP ~ upper layer temperature (K)

L. TEMP — lower layer temperature (K)

U. VOLUM ~ upper layer volume (m?)

U. DEPTH — vertical thickness of the upper layer (m)

C. TEMP — ceiling temperature at the surface (K)

F. TEMP — floor temperature (K)

EMS — flow into the upper layer from the plume (kg/s)

EMP ~ pyrolysis rate (kg/s) <

ADS - 7 area of the fire (m?) )
QF — enthalpy release rate of the fire (kW) to the upper and lower layer
QR — total radiant énergy to the upper and lower layers (kW)

QC — total convective heating of the upper and lower layers (kW)

Pres — floor reference pressure (Pa) :

mass — vent flow from i — j (kg/s) - sec (Section 4.4)

Species concentrations listed by species:

mass — total mass of that species in the layer (kg)

Myv ~ — mass per unit volume multiplied by the conversion factor shown in line
_ : 37 - 40 of the input fuel. Unity leaves this value in (kg/m3)e.

PPM ~ parts per million of the total molecules present

PPM-M — dosage which is an integral of (PPM) over time (PPM — minutes)

APPENDIX C

~ The program BUILD is used to construct data files for configuration display. These files can
then be used by FAST to display a decision tree either Interactively or as a graphics streaming

file. Both the configuration file for display as well as information on position and type of display

for the decision tree are built by this program. The commands are-
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ADD [VERTEX, EDGE, POLYGON] (default = VERTEX)
add vertex — create vertices by specnfymg three (x, y, z) coordinates; add vertices to the
work file
add edge — create edges by specifying two vertices; add edges to work file .
add polygon — create polygons by correcting vertices. A minimum of three vertices grp
required to define a polygon, and there is an internal maximum specified
by NPVERT.
DELETE (VERTEX, EDGE, POLYGON] (default = VERTEX)
delete vertex — delete vertices and any edges or polygons which are connected to the
deleted vertices ' '
delete edge . — delete edges
delete polygon — delete polygons
DISPLAY [ALL, VERTEX, EDGE, POLYGON}] (default = ALL)
display all — display all edges and polygons in graphics mode
display vertex — display all vertices and their line numbers in graphics mode
display edge — display all edges in graphics mode

display polygon - display all polygons in graphics mode

- DUPLICATE .
‘ Duplicate a polygon at another location — asks for a displacement vector.

END
End the program.

ERASE
Erase the display screen.

GET [filename] : . (default = INFILE) .

Open an existing file and assign the filename to INFILE; the elements of this file make up the
new work file.

HELP
List all the BUILD commands, their corresponding options, and the default values.
LIST [VERTEX, EDGE, POLYGON] (default = VERTEX)
list vertex - — list the world coordinates, window coordinates, and the vertices of the
work file on the display screen
list edge — list the edges of the work file on the display
list polygon — screen list work file’s polygons on the display screen
MOVE [VERTEX, POLYGON] (default = VERTEX)
move vertex — move a vertex from its present location to a new location — asks for a dis-
_placement vector
move polygon — move a polygon from its present location to a new location — asks for a
'displacement vector
‘ PRINT [(ALL, VERTEX, EDGE, POLYGON]} (default = ALL)
pnint all — list the work file’s world and window coordinates, vertices, edges, and
polygons on the printer
print vertex — list the world coordinates, window coordinates, and vertices of the work

file on the printer
print edge - hst the work file's edges on the printer
L e Lo

LT RPN FETITRON I S
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SAVE [filename] ' 7 (default = OUTFILE)
Save the current file under the specified filename; assign the filename to OUTFILE.

STATUS " . '
List the filenames stor_ed in INFILE and OUTFILE; indicate the current number of vertices,
edges, and polygons and the maximum number of each element allowed.

WINDOW . '
Create the work file's window space by specifying minimum ar.d maximum x and ¥ coordi-
nates for display. Defaults to WORLD.

WORLD ' :
Create the work file's three-dimensional world space by specifying x, y, and z coordinates. All
structures must be contained in this cartesian coordinate system.

In tabular form, graph the values (hard copy or screen), and save the varjables in a file for future
reference.

upper and lower layers. T
The list of variables presently available through FASTPLOT are:

AREA... ... ... ... burning-area'vof-the“fire (m?) -

CONCENTR ATION . . ... . . . species density in parts per million

CONVECTIVE .. ... . . heat loss from layer to solid surface dye to convection
(kW/m?) '

DOORJET. ... . . . buoyant mass flow through a vent (kg/sec)

DOSE ... .. .. .. .. ... species concentratjon integrated over time (ppm-min)

ENTRAINED ......... e mass entrained by a plume (from lower layer to the upper
layer) )

INTERFACE.... . .. . height of the two-zone discontinuity (m)

MASS .. ... . e mass density in a layer (kg/m?)

MDOTFIRE ... . . mass loss rate of the fire source (kg/sec)

NEUTRAL 1

NEUTRAL2} . . . neutral planes (maximum of three) for each vent

NEUTRAL 3 '

PLUME... ... total mass flow into the plume (kg/sec)

PRESSURE..... ... reference pressure at the floor of the compartment (Pa)

QC.... ... ... Ce .- total convective heat gain by a layer

QF....... .. .. .. e total enthalpy increase from the fire source

QR ... ... ... . total radiative heat gain by a layer .

RADIATION. ~++-+... heatloss from layer due to radiation (kW/m~)

TEMPERATURE ... . . = temperature of the layer (C)

VENTFLOW.. . . = mass flow through a vent (kg/sec) — bidirectional

VOLUME .. = - volume of the upper zone (m°)

WALLTEMP S temperature of the wal) (C)
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Fig. 10. Sample output from ‘FASTPLOT". Shown is one of the 100 kW calculations for the 'B205’ experiments
in the three compartment configuration. : .

The CONCENTRATION, DOSE, and MASS also have associated with them a species number.

The main control of the program is carried out in the subroutine WHICHONE. It does the
actual building of a list and the processing of the options. The possible options ayai]able to the
user are:

ADD
CHANGE
CLEAR
DEFAULT
DELETE
END

HELP
LIST
PLOT
REVIEW
SAVE

Upon running the program, the first input encountered will be that of the dump file generated
by FAST. Most of them will be of the form:

filename.DMP

Next, the user will be asked to input the option which he wishes to have performed. The fol-
lowing is a description of each of the options available. They are in the order that they usually
will-be encountered. However, some may be executed before the others without any problems.
The minimum number of characters required to recognize an option is enclosed in the parenthesis
at the beginning of each word. ‘ '

1. (DE)FAULT
This enables the user to set his own default parameters for the following:

COMPARTMENT # :
VENTFLOW DESTINATION
LAYER
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SPECIES #
CHARACTER SET FOR PLOTTING .

This option may be done at any time and if it is not done the defaults are sgt to ‘1, 2, upper,
9, and 4" respectively. The purpose of this option is to change the defaults available for other
commands and data input. '

2. (VA)RIABLES . . '
The purpose of this option is to allow the user to recall the possible variables that are available
for use. They will be listed on the screen.

3. (AD)D A

This command is used to build a list of variables. When an option is requgs;cd ADD may be
entered by itself or together with a list of variables that are to be added. If l.L 1s entered alone a
message will be printed asking for the variables that are to be added to the list. For example:

) ADD

— INPUT VARIABLES TO BE ADDED )
or ‘

) ADD TEMP, PRES, ......

For each variable selected there is a series of questions that will be asked as to the type of that
variable wanted. Questions asked about all variables are: '

WHICH COMPARTMENT? —)
WHICH LAYER? —)

If VENTFLOW is chosen the compartment origin and destination will be requested: if CON-
CENTRATION, MASS, or DOSE are selected the species number of each will be requested.

The maximum number of variables allowed on the list at any one time is 25. If the list is full or
the variable is presently on the list the addition will be disallowed and another option requested.

4. (DEL)ETE : .
When this option is entered the present list of variables-will'be printed-out to'tke séreen and -
the user will be asked to input the variables to delete by the number associated with them on the
list. They must be entered on a single line separated by commas or blanks. _
If the variable number that is input does not correspond to one that is currently on the list it
will be skipped. After the deletions have been processed a new list is presented and another
option requested. If the list is presently empty then that fact will be stated in an error message.

5. (HE)LP
This command may be input at any time that the user is asked for an option. Its purpose is to

simply list out to the console a list of the available commands and a brief explanation after which
another option will be asked for. ‘ : :

6. (RE)VIEW, :
At times the user may wish to see what is presently on his list before entering a command. This
may be done with the REVIEW command. It will print out the current list along with the com-

partment number, species, and layer of ecach of the variables. After the printing of the entire list
the option request is again displayed. - -

7. (LI)ST . ) , .

After variables have been added to the list and their data values read in, the user may list out
the values of any of the variables on the Jist to either the printer or the console. The user will
- tnput the device number (5 = CONSOLE, 6 = PRINTER), and the list of variables presently on
the list will be displayed. He will then be asked to input the corresponding number(s) of the
variable{s) to be listed out. They must be entered on a single Line separated by commas or blanks

The maximum number of vanables able 1o be hsted at one tme s 8 for the printer and 5 for the _
console. i
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8. (PLYOT ' '

'(I‘his option is central to the data analysis. After entering this command the current list of
variables will be displayed along with their numbers. The user will be asked to input the number
of the variable(s) to be plotted from the list. They should be entered in a string separated by a
comma or a blank space. For example:

ENTER VARIABLES TO BE PLOTTED —) 1,2,3,4
or
ENTER VARIABLES TO BE PLOTTED —) 1 2 3 4

After entering the variable numbers, the number of the device which the graph is to be plotted
on will be asked for. '
The possible devices are:

1. CALCOMP
2. PRINTER
3. LEXIDATA
4. SCREEN

The maximum number of plots per call to PLOT is limited to 4. They will be printed in the
following order on the device depending on the number of graphs per page:

1o 1 2
. 3
" FOUR " THREE
1 1
2

TWO ' . ONE

If more than 4 variables are input only the first four will be accepted and the remaining ones
disregarded. If a variable number not on the list is entered, an error message will appear, the list-
will be reprinted and the input will be asked for again. This will continue until all variables
entered are currently on the list. ) ' .

Before the graphing is done the user is given the opportunity to change the range of the X and
Y axes. The maximum and minimum values of the X and Y axes will be displayed, followed by a
request for a change in each, which will be of the form:

CHANGE (X or Y) AXIS TO? =)

If no change is desired simply enter a (RETURN) and the next axis change will be displayed.
If a change is made the value will be entered and the same change request will be made again.
This will be repeated unti] a (RETURN) is entered. o '

When all che changes have been made, if any, the graph of that particular variable will be
plotted. After it has been completed the next variable'’s maximum and minimum will appear and
their changes input as before. v '

After the final graph has been completed the option request will be displayed and a new
option may be entered. '

9. (SA)VE A
This option allows the user to save the values of the variables on the list in a file. The format
used will make the data compatible with an experimental data DIOCESSING DIOETam docenad for

1 . b -
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The user will be asked for the name to be used for the file. A check will be made to see whether
that file presently exists or not. If it does the user will be asked if he wants to write over the old
file with this new data. If his answer is NO, nothing will be placed in the file and another option
requested. If, however, he does want the file rewritten, or the file does not already exist, the new

file will be created and the data stored in it .

Each variable on the list will be dumped with the following format at the beginning of each
block of data: ' :

16,16,A6, * -......... COMMENT ----......

The first 16 will be for the number of data points for that variable, the next 16 is for the
number"given to that variable on the list, and the A6 is for the actual variable name. Everything
after the * is a comment block and will be filled with information relevant to that particular
variable, such things as species number, compartment number, layer, etc. The actual numerical
data will be dumped using the format 7E11.5. :

10. (CL)EAR A _ -
The input of this command empties the variable list.

11. (CH)ANGE
This option restarts the program by asking for a new file and resetting all variable lists.

12. (EN)D

This function terminates the execution of the FASTPLOT pfogtam.



