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ABSTRACT: The medeling of fue and smoke spread 18 an evolving field. As
knowledge is acquured and resources become avaifable, models are enhuanved to make
their predictions wmove accurale and/or their computations fuster. This paper will
discuss the Consolidated Fire and Smoke Transport (CFAST)Y zone fire model,
developed by the National Institule of Standards and Technology (NIST), and a
recent addition to that model, referred to as the Corridor Flow Submodel. The goal
of this new submodel 1s to more accurately predict the flow of smoke down a
cosridor which has an impact on fire protection issues such as detection and escape
time. Prior to the addition of this new submodel, CFAST assumed that smoke
traveled instantly from one side of a compartment to another. Development of the
submodel will be discussed and then the enbanced CFAST, Version 4.0.1 (executlable
dated 3/8/003, will be used to mode! a real-scale experiment conducied onbeurd the
ex-USS SHADWELL, the Navy's R&D Damage Control platform,

KEY WORDS: fire muoedeling, smoke movement, (ull-scale experiment, model
vadidaton.

INTRODUCTION

C FAST (11 USES the standard zone model assumption that the atmosphere
instde a compartment is geperafly divided into an upper and lower
laver. Each layver is ussumed to be of uniform temperature and composition.
Consequently. the moment hot gases enter a compartrnent. CFAST
calcutates a hot gas laver which covers the entire ceiling. All arcas under
the ceiling have the same temperature. [0 hot gases were entering a corsidor
from one end, CFAST would predict that the temperature at the far end
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would immediately increase. 'The assumption IS made that the temperature
change takes place instantancously, so the transient time to Fill the arca is
ignored. In reality, there is a delay as the hot gases travei down the carridor.

This paper proposes a simpte procedure for accounting for the formation
delay of an upper layer in a long corridor by using correlations developed
from numerical experiments generated with the three-dimensional Large
Eddy Simulation (LES3D} ficld model [2]. Two paraineters related to
corridor flow are then estimated, the time ¢, required for a ceiling jet to
travel in a corridor and the temperature distribution down the corridor.

As soon as the ceiling jet reaches the end of the corridor, CFAST reverts
hack to the two-layer assumption. i.e., the model uses the amount of energy
and mass in the upper layer to calculate an average temperatiire. By
definition. the aimosphere at all locations within the upper laycr is at this
averagc temperature. In other words. the new submodel allows for a1 more
detailed depiction of the temperature distribution at the ceiling level only as
the ceiling jet is traveling the length of the corridor.

Although the new submodel contains features which arc not restricted tu
the corridor compartment [3], they will not be explored in this validation.
These additional features. which relate to how the ceiling jet affects
compartments adjacent to the corridor compartment, will tint he discussed.
This validation focuses on the ceiling jet llow within the corridor
compartment and compares experimental results and model predictions
for the corridor compartment only.

THEORY

This section outlines the procedure used for estimating a ceiling jet's
temperature decay. depth, velocity and, hience, arrival time at cach pointm a
corridor. A field model. LES3D> [2]. is used 1o modet corridor llow for a range
of inlet ceiling jet temperatures and depths. Inlet velocities are derived from
the inlct temperatures and depths. For cach modcl run, the average ceiling jet
lemperature and velocity arc calculated as a function of distance down the
corridor. The temperature and velocity down the corridor are then correlated.
CFAST uses these correlations to estimate conditions inthe corridor.

Assumptions

The assumptions made in order to develop the correlations ure:

e The time scale of interest is the time required for a ceiling jet 1o traverse
the length of the corridor. For example. for a 100'm corridor with | m;s
flow, the characteristic time period would he 1005,
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e Cooling of tlie ceiling jet due to mixing with adjacent cool air is large
compared to cooling due to heat loss to walls. In addition. we assume
that wails ai-e adiabatic. This assumption iS conservative, An adiabatic
corridor modet predicts more severe conditions dowastream in a corridor
than a model that accounts {or heat transfer to walls, since cooler ceiling
jets travel slower and not as far.

e We do not account for the fact that cciliiig jets that arg sufficiently cooled
will stagnate. Sirhilar to the previous assumption. this assumption is
conservative and results in over predictions ol conditions in compart-
ments connected to corridors {since the model predicts that a cciling jet
may arrive at a compartment when in fact it may have stagnated before
reaching it).

o Crciling jet flow is buovancy drivern and behaves like a gravity current.
The inlct velocity of the ceiling jet is related to its temiperature and depth.

e Ceiling jet flow lost to compartiments adjacent to the corridor is not
considered when estimating cciling jet temperatures and depths.
Similarly, a ceiling jet in a corridor is assumed to have only one source,
The temperature and velocity & the corridor inlet are constant in time.
The corridor height and width do not afTect a ceiling jet's characteristics.
Two ceiling jels with tlie same inlet temperature. depth and velocity
bchave tlie same when {lowing in corridors with different widths oy
heights as long as the inlet widths are tlic same fraction of the corridor
width.

o Flow cnters the corridor at or near the ceiling. The inlet ceiling jet
veloetty is reduced {rom the vent tnlet velocity by a factor of wo. i/ vroem
WhEre 1 vene a0d W0 are the widths of tlie vent and room, respeciively

Ceiling Jet Characteristics

Compartments with Length io Height
Ruatios Newr One  Normal Roomy

In a normal compartment where the length to height ratio is near otic.
ceiling jet velocities can be estimated froin correlations [4,3], or by solving
the horizontal momeittum equation in addition to the mass and energy
conservittion cquations,

Smoke flow ina normal room is qualitatively different from smoke flow
in a corridor in otic important respect. Corridor smoke spreads mainly in
one dimension. along the length of the corridor. Smoke spreads in @ normal
room. on the other hand. in two dimensions. In addition. assuming no
friction or heat trinsfer to boundaries. ceiling jet velocities in corridors will
be essentiully constant while ceiling jet velocities in normal rooms will be
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approximately proportional to |/r (where r =distance from the centerline of
the plume). This arises since the surface area at the exterior boundary is
proportional to r. then the velocity must be proportional to 1/ so that the
mass tlow out remains equal to the mass flow in. As a result, these
correlations are not valid tor estimating cciling jet velocities in corridors.

If the length to height ratio of the room of firc origin is near one, then
ceiling jet traversal times may be estimated using the velocity correlation for
a steady state fire.

13
0.90(%) . (/H) <015
u(ry = (1)

H 143
0.195 (—Q/—IK, (r/H) = 0.13
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found in Kefcrence {4} wherc £ is the ceiling height {m), O is the total energy
release rate of the lire (kW}, r is the distance from the plume centerline (mj
and u« is the velocity (m/s). CFAST [1] estimates ceiling jet temperaturcs and
velocities using a correlation devived by Cooper, given in Reference [5].

The time, #(#). required for the jet to travel it distance » from the source
can then hc obtained froin the velocity by integrating the quantily driu(r).
Using the correlation given in Reference [4] we obtain

6.4g  116q"

where. s =r/(0.15 H) and ¢ =(Q/H)"*/H. The time #(r) corresponding to
Cooper’s velocity correlation must he integrated numerically, There is no
analytic formula for #r} since the calculation depends on a correlution that
is obtained numerically. The arrival time is approximately proportional to
r*. the distance squared, lor s > 1. It will he shown later empirically that in a
corridor the arrival time is proportional to the distance, .

Compartments with Lurge Length o Height
Ratins  Corridors

The correlations delined by Equations (1) and {2) are not appropriate
in corridors. Ceiling jet flow in a corridor can he characterized as a
one-dimensional gravity current. To a [irst approximation, the velocity of
the current depends on tlic difference in density between the gas located
at the leading edge of the current and the gas in the adjacent ambient air.
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The velocity also depends ou the depth of the current below the ceiling.
A sunple formula for the gravity current velocity may be derived by
equating the potential energy of the current, mgdy/2, measured at the
hall-keight o,/2 with ils kinctic energy, m{U?/2, to obtain

U= \/gdy (3)

where m (s mass, g 38 the acceleration of gravily, d, is the thicksess ol the
gravity current and U ts the velocity. When the density difference.
AP = Pah — o between the current and the ambient fluid is small, the
velocity U s proportional to

| e
; T 2o
Ap f AT
J!g{z“ ff‘ — Jgdy —— (4
Hef arh

where pony. Tapn are the ambient density and temperature, p,,, 7, are the
density and temperature of the ceiling jet, and AT=7,, ~ T, np 18 the
temperature difference. Here, use has been made of the ideal gas law,
p;unbTnnlhl’\""pr_,fj;‘f'

This caa be shown by using an integrated form of Bernoulli's law, noting
that the pressure drep at the bottom of the ceiling jet is APL=0, the
pressure drop at the tep i1s AP, = gdo(py — pamp) antd using a vent coctticient
Coent = 0,74, 1o oblain

Ooa 0.7”!‘}_,’{{{1 —,r,;"—

Formulas of the form of Equation {5} lead otic to vonclude that the
chattacleristics of a ceiling jet in a corridor depend on its depth. «,. and
relative temperature difference. AT/ Fon. Therelore. as the jet cools, it slows
down, duc to the factor AT?Tu,. |f NO heat transter occurs between the
ceiling jet aud the surrounding walls, then tlic only mechanisin for cooling is
mixing with surrounding cool air.

Numerical Experiments

Qualitative Numerical Corvidor Flow Experiments

Figures 14 ure presented to illustrate how various boundary conditions
(adiabatic vallls_cold walls, etc.) affect qualitative ceiling jet characteristics.
These simulations were performed using LES3ID. As can be seen from Figures
| and 2. a ceiling jet moedeled 1n an enclosure with adiabatic walls travels
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Figure 1. Shaded temperature corffours along the corridor centerline for two temperatire
boundary conditions. The inlet flow has a depth of ¢.6m, a velocity of 7.0my/s and a
temperature rise of 300 C above ambient. A no-slip boundary ¢ondition is imposed at all wall

surfaces.
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Figure 2. Shaded velocity contours along the corridor centerline for twe different boundary
conditions. Theinlet flow has a depth of .6 i1, a veiocity of .0 m/s and a temperature rise of
300°C above ambient.
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Figure 3. Shaded temperature contours along the corridor centerline at two different times
during the simulation. The inlet flow has a depth of 0.6m, a velocity of 7.0m/s and a
temmperafure rise of 300 'C above ambient.
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Figure 4. Shaded veiocity contours along the corridor centerline at two different times

during the simulation. The Jnfet flow has a depth of 0.6m, a velocity of 1.0m/s and a
temperature rise of 312 C above ambient.



146 T L. BAILEY ET AL

larther and faster than a ceiling jet modeled with cold walls. Figure 3 shows
shaded temperature contours in avertical plane along the centerlineofa 10m
corridor at 10 and 20s. The temperature distribution at these two times is
about the same, Even though an individual portion of smoke has moved up to
10m, the peak temperature (edge ol darkest comntour) has only shifted by
about 1m, from 5to 4m. Similarly, Figure 4 shows shaded velocity contours
in a vertical plane along the centerline of a 10 m corridor at 20 and 40s. The
velocity distribution does not change appreciably between the two limes.
Because of this. wc assume that the walls do not heat up and that the
temperature and velocity distributions quickly reach steady state.

The Parameter Study

In order to better understand the effects of the inlct ceiling jet temperature
and depth on its characteristics downstream in a corridor. a number of
numerical experiments were performed using the field model LES3ID.
Twenty cases were run with five difterent inlet depths and four different inlct
{emperatures.

The inlct ceiling jet depths, . used in the paranteter study are 0.15. 0.30,
(.45, 0.60 and 0.75m. The inlet ceiling jet temperature rises. ATy, used in the
parameter study are 100, 200, 300 and 400- C. Velocities using Fyualion (3)
corresponding to thesc ialet depths and temperature increases are given in
Table 1.

For each case. a nonslip velocity boundary condition was imposed at all
solid boundaries. Adiabatic thermal boundary conditions were imposed at
the walls to simulate no heat transfer tu wall surfuces. A vertical syimmetry
plane along the centerline of the corridor was used lo reduce the numbser of
grids. thereby improving the resolution. An open boundary condition was
imposed at the far end of the corridur.

The simulated corridor had dimensions of {0 m = 2.4m x 2.4 m. Each grid
cell bad dimensions of approximately 10cm x Scm x 2.5¢cm. where tlic

Table 1. inlet velocity (m/s) as a function of inlet
temperature and depth.

Temperature Excess { C)

Depth {m} + 100 ? 200 + 300 + 400
0.15 0.50 0.71 0.87 1.G0
0.30 0.71 1.0 1.22 1.41
0.45 0.87 1.22 1.50 1.73
0.60 1.00 1.41 1.73 2.00

0.75 1.12 1.58 1.94 2.24
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longest grid dimension occurred along the length of the corridor.
Approximately 220,000 grid cells were used to medel the corridor, 24
across the width of tlic corridor and 96 along both the height and length of
the corridor. For most cases. 1 Reynolds number of 9,200 (approximatety 967)
was used to resolve the small-scale flow features. A coarser grid with
dimensions 10cm x Scm x Scm was used initially. It was found that the
vertical grid dimensien of 5 cnr was not sufficiently sinull 1o resolve tlic thin,
0.15m ceiling jet cases.

The computational fluid dvnamic or field model, LES3D, calcutates
temperatures, pressurcs and wvelocities at manry points in the three-
dimensional rectangular grid. These data are reduced to @ more manageable
size by noting that the inlet high-tempcrature ceiling jet flou stratifies the
corridor gases into two regions, an uppcr region of hot, fast flowing air and
a lower region of relatively cool quiescent air. For each vertical plane along
the length of a corridor. a layer interface height is estimated by using ihe
distance above the floor where the temperature gradient is greatest. An
uppcr layer temperature 7,47 1s caleulated by averaging 4}l temperatures in
the slice above the estimated layer height.

Summary of Results

Ceiling Jet Temperatures

The uppcr layer temperature rise above ambient {or each slice is given by
AT =T AD-T . These temperature rises are scaled by the inlct
temperature rise. A7y, and transformed using log(A77AT,). The resulting
data ave presented in Figure 5. Note that each plot is nearly linear and that
#ll plots {except for the dy=0.15m group) lie within a single group. This
implies that the rclative temperature falioff’ is iudependent of tlic inlet
temperature rise and depth {assuming that the inlct depth is sufficiently
thick). The temperature curves presented in Figure 5 were approximated by
straight fines using a fincar feast squares curve fitting procedure. This lit is
given in the form of

lowu A’}') . by “,}
oY AY = { - N O

This is equivalent to

AT “ .' | N
—m = 0™ - (ﬁ) v
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Log (AT/AT,) = avbx =0.003-0.018x |

all other ceiling jets

Log (AT/AT,)

Corridor Distance (x), m

Figure 5. Log, of the relative temperature excess downstream /1 a corridor using an
adiabatic temperature houndary condition tor Several infet depths and inlet temperaiure rises

where C, = 10“ und /i, = —log(2)/h. The parameter 4 » In Equation (7)has
a physical mterpretation. It is the distance down the corridor where the
temperature rise, AT, falls off to 50% of its original value or equivalently.
AT(h2)=0.5 AT},

The half-distance. #,.5. can be approximated by Ay 2 =log(2)/0.018 = 14.7.
where b= —0.018 is given in Figurc 5. Similarly, the coctlicient ¢, is
approximated by C;=10"=10""" 2| where « is also given in Figure 5.
Therefore, the temperature rise. AT, may be approximated by

AT = AT

-~

Ceiling Jer Arvival Times

Numerical thermocouples were placed (.15m below the ceiling every
0.5m along the centerline of the corridor for all cases escept lor the
dp=0.15m cases, where they were placed 0.075wm below the cciling. Ceiling
Jjet arrival times were rccordcd by noting when the lemperatures rose i« C.
The arrival time for each case was scaled by the ceiling jet velocity. {7y, at the
entry vent, These reduced data are displayed in Figure 6. Note that maost
arrival time curves lic within approximately the same region. A group of
curves. corresponding to the inlet depth of ¢y = 0.15 m. are separatc from the
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Figure 6. Ceiling jet arrivai time as a function of distance down the corridor scaled by the
initial ceiling jet velocity, U,, for several initial inlet depifs and temperature rises. The wails are
adiabatic. The inlet velocity, U, is given by Equation (5). The arrival time of the ¢effing jet is
measured by noting when itS temperature rises 7°C above ambient at a given distance
downstream from the inlet.

main group. ‘This is because the 0.15m ceiling jets are weaker than the
remainder, They fose their driving potential. resulting in lower velocities and
hence greater acrival times. The arrival time of the ceiling jet head may be
approximated by 7= x/{, for all d, except for ¢f,=0.15in.

EXPERIMENT SELECTION

The experrment that was selected to validate the new submode} was part
of the 688'SHADWELL test series [6f. The objective of this test series was to
develop, 1est, and validate improved wventilation doctrine Tor submurine
fires. These expertroents were not designed to provide dala for o model
validation. Consequently, the experimental data were inspected. prior to
beginning the model validation, to verify that sulficient data existed to
provide a meaningful comparison with niodel predictions. Know ledge of the
expertmental results was never used to adjust tlic model input unless
explicitly stated in this validation report.

A section of the port wing wall on ex-USS SHADWLELL [7] was
configured to represent the forward compartment of an SSN 688 Class
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submarine. The test arca was comprised of 14 compartinents, located on
four levels. The compartments were connected With various hntches,
watertight doors. and a mechanical ventilation system. The experiments
consisted essentially of igniting a pan f{ire in one of tlic compartments and
then manipuiating variables to observe the effect on the smoke flow within
the test area.

There was only one compartment within the test area. the Laundry
Room. which contained a corridor. Both exhaust and supply terminals were
located near the ceiling in the corridor of this compartment. The Corridor
Flow Submodel does not take into account any effects of forced ventilation
on the flow of the ceiling jet. Therefore, an experiment which employed the
mechanical ventilation system would not be suitable Cor compatison to
model predictions. Standard experimental procedure called for- utilizing the
mechanical ventilation system for at least the first minute after ignition of
the pan fire. There was one experiment in which the mechanical ventilation
svstern was secured and the supply and exhaust terminais were blocked off.
This experiment. denoted as sut4-10, occurred on January 29, 996, and
was used for validation purposes

CONFIGURATION

The Laundry Room was located on the third Jevel, between Frame 81 and
Frame &8. The port side was bounded by the hull and the Well Deck
bounded the starboard side. The compartment was actually divided into two
subcompartments (Figure 7). The subcompartment which contained the fire
will be referred to us the Fire Compartment and the remaining
subcompartment Will he referred to as the Passageway. The Laundry
Room was 8.51m long, 2.57m high, and varied in width [rom 386 m oz one
end (at Fraine 88} to 4.11m on the other (4t Frame SI). The Fire
Compartment was 6.10m long and 1.75in wide. The Passageway consisted
of the remainder of the Laundry Room Its dimensions will he discussed
later under the section entitled “Model Input.”

There was a door. 0.66 m wide and .93 m high. which connected tlic Fire
Room to the Passageway. This door did not have a sill, hut it did kave a
0.67 m soffit. There were two open walcrtight doors, one inthe bulkhead at
Frame 81 and one in the bulkhead at Frame 88 connecting the Passageway
to the compartments on either side. These doors were (.66 m wide and
1.6&m high. with 0.23m sills and 0.68 m soffits. There was also a hatch.
09I mx 0.76m. in the Passageway overhead to the compartment above.
Stringers ran athwartship at 1.22m intervals from Frame 81 (o Frame 88.
These protruded from the overhcod by approximately 22 cm.
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Figure 7. Pian View 0fLaundry Room drawn to scais; subdivided into Fire Compartment
and Passageway

Jhr partition which divided the Laundry Room was 0.318 cm thick steel.
Refersing to Figure 7, the in-board Laundry Room bulkhead. belween
Frame 81 and Frame 88, which comprised one side of the Fire
Compartment, was 1.27cm thick steel. The oppositc bulkhead was
1.59¢em thick steel. up 1.8 m froin tlie deck. The rest of the bulkhead, up
to the overhead, was 1.9%em thick steel. The bulkheads ai Frame X1 and
Frame XX, as well as the deck and overhead, were all constructed of steel
8.95cm thick.

The Fire Compartiment contained a 1.05m diameter Tuel pan. 0, 19
above the deck. The pan was fifled o approximately 9 cm with diesel foel.
Immediately prior to ignition. an unknown, hut r~"agively small, amount of
heplane was added to facilitate ignition of tlic diescl fuel.

INSTRUMENTATION

The discussion here will he limited to the instrumentation that was uscd
for validation pur-poses.

The Fire Compartment contained o thermocouple string with six
thermocouples. These were located nominally at 2.5, 2.0. 1.5. 1.0, 0.5 and
0.05m above tlic deck. The tree was 1.75m aft of Frime 81 and 1.28m port
of the Well Deck bulklicad. The Pass: peway contained a sunilar
thermocouple string positioned at Location 4 in Figure 7. The hatch in
tlic Passageway overhead, mentioned above, was instrumented with a
bi-flow probe and thermocoupie. The position is denoted as Location B N
Figure 7. The thermocauples were Type K, inconel-sheathed. The gas inside
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the Fire Compartment was sampled at a point approximately 2.49 m above
the deck. 4.90 m aft of Frame &1 and 1.27 m port of the Well Deck bulkhead.
The computer system onboard ex-UUSS SHADWCLL collects and records
gata trom the instruments once per second.

MODLL INPUT

The accuracy of a model's predictions is, of course, heavily dependent
upon the accuracy of the information given as input. 'There are two
instances where accuracy must he compromised. One instance occurs when
the information is simply not known. An estimate must then be made in
order for a prediction to result. The other occurs when the model cannaot
handle the actual configuration of the experiment. JAgain. an estinuite must
he provided to the model. This section will discuss the estimates used :s
input to CFAST for the validation of the Corridor Flow Submodel.

The mass loss rate is one of the key input parameters that tlic user must
provide to CFAST. Although a load cell was used t0 measure the mass loss
of tuel with time as the diesct burned. the normal variability of the load cell
data was large compared to the amount of fuel burned during the time of
interest. Thercfore. the information from this device could not he uscd
cafculate @ mass loss rate. This input had to he estimated based on the
temperature data from Inside the Fire Compartment. CFAST predicts an
upper and tower layer temperature for each compartment. Ditferent mass
loss rate estimates were uscd as input until the upper layer temperature in
the ¥ire Compartment. as predicted by CFAST, matched thu upper laycr
temperature calculated from experimental datu

There are various methods to translute the experimental temperature
readings, measured at distinct locations, to the overall zonc teniperaturc.
Sometimes the experimentat data show a refativety targe diflercnee between
two adjacent thermocouple readings which denotes i layer interface. In this
cxperiment, as tume progressed. the readings from the top four thermo-
couples deviated trom the botlom two thermocouples. The average of the
top four thermocouple readings was interpreted t0 reflect the upper laver
temperature. and the average of the bottom two thermocoupie re: lings was
interpreted to reflect the lower layer temperature. An alternate method
invotves assigning the thermocouples to cither the upper or lower layer
depending on their relation lo the interface height predicted by CFAST. At
cach second. the thermocouples located above the model-predicted intertace
height were averaged and used to represent the experimental UPPer layer
temperature. Both methods resulted in essentinliy the same experimental
upper layer temperature. An estimate for the mass foss rate was made by
using different mass 1oss rate estimates tis input until the upper layer
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temperature in the Fire Compartment. as predicted by CFAST, matched
this experimental upper layer temperatiure.

CFAST can only model compartments Which are rectangular paraflele-
pipeds. As mentioned previously, the Laundry Room contained a partition
which divided it into two subcompartments. The Firs Compartment was
a rectangulay pnrallclepiped. but tlic Passageway was an L-shaped
compartment. The Pass: geway had to be approximated as an equivalent
rectangular parallelepiped so its dimensions could he interpreted by
C'FAST. For the purposes of the following discussion. the Passageway
wits divided inte four sections shown in Figure 8. The separation between
Sections | and 2 was defined hy the midpoint of the door io the Fire
Compartment, All four sections huad the same height us the Laundry
Room, 2.57m. The remaining dimensions of the (our Sections are as
fotlows: Section 1 -0.95Mm x 2.39m. Secction 2- $.80m X 2.39m, Section
3-2.11m x2.39m. Section 4.6.10m x 2.24m. These dunensions are the
megsurements of the compartment at the overhead level, One wall of
Scciions 3 and 4. which corresponds to the hull of the ship. tapers out
slightly. The dimensions stated above were the average width of these two
sections.

When the DETECT keyword is utitized along with the Corridor Flow
Submodel. the configuration must be modiied so that the ceiling jet starts at
one end of the compartment serving as the corridor. Therefore. the
Passagewany had to he redetined as consisting of Sections 2--4. The ceiling jet
entered the Passageway as «t lowed under the soffit of the Fire
Compartment dooy. The cetling jet then continued down the Passugeway
toward Location A and around the corner. passing {-ocation B. until it

2 ............ I /Fire\
1 N

88 81

lm

Figure 8. Planview ¢f Laundry Room, drawn to scale: Passageway divided into four sections.
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Figure 9. Initial Laundry Room configuration approximated for model input and resuiting
path of ceiling fef flow

rcached the end of the Passageway. Initially, the most reasonable method of
transforming the L-shaped Passageway inte a rectangular parailelepiped
appeared to be to simply “straighten™ it out. i.e., align Sections 2- 4. The
length would be the sum total of Sections 2 4 0.80m+2.11m+
6.10m =901 m. Using this approximation. the cciling jet would flow all
the way through Section 3 before it started toward Location B as shown by
the arrows in Figure 9. This appears to be appropriate for modeling tlic tlow
to Location A. but not to Location B.

An alternate approximation was devised. The dividing line between
Sections 3 and 4 was aligned will the dividing linec between Sections 2 and 3
(Figure 10}. Section 3 is now imbedded within Section 4. The ceiling jet heads
toward Location A at the same time it flows around the corner and heads
toward Location B. This appears to be a more realistic approximation and
was used for the model validation. The final dimensions used as model input
were: height =2.57m, length=080m+ 6.10m =690 m. width=2.26m.
Note. the width was calculated using the actual overhead surface areas
and the lengths of Sections 2 and 4

A comment on the use of the Corridor. Flow Submodel is in order at
this point. In general, the actual compartment dimensions should be
used for model input. In this case. the Passageway dimensions had 1o be
modified to accommodate the limitations of the submodel (ceiling jet
entering at a point other than the end of the corridor and the presence of
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Figure 10. Aiternate Laundry Room configuration approximated for model input and
resulting pall; of ceiling jet fiow

a corner}), Since the Corridor Flow Submaodel is only in effect while the
cciling jet is traveling down the corridor. these adjusted dimensions are no
longer needed once the ceiling jet reaches the end of the Passageway.
However, even if the actual dimensions were substituted at this point.
subsequent maodel predictions would still he affected by the prior use of the
adjusted dimensions. Therefore. model predictions were generated. from
time zero. using both the actual and adjusted compartment dimensions.
The predictions resulting from the use of the adjusied dimensions werg
used while the ceiling jet was traveling down the Passageway. For the times
after the ceiling jet reached the end of the Passageway. the model
predictions resulting I'roni the use of the actual dimensions from time zero
were used.

CFAST models the six surfaces of a rectangular parailclepiped as three
separate eatities: a ceiling, a tloor, and the four walls, Each entity is allowed
to consist of a distinct material with a distinct thickn :ss. However, the entire
ceiling is assumed tu be homogenous. as are the other two entities. Note,
that in this expertment. this assumption holds {or decks (floors) and
overheads (ceilings) in hoth the Fire Compartment and Passageway, hut not
for the four bulkheads (walls) of cither subcompartment. The actual
maleriat properties and thichnesscs of the overheuds and decks were used as
model input for the validation, i.¢c.. 0.93cm thick steel. The thicknesses of
the bulkhcads were approximated as surface- arc: weighted averages. The
estimuated thicknesses for the steel bulkheads in the Fire Compartment and
pitssageway were 0.76cm and 0.80 cm, respectively.
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As previously noted, there was only one gas sample point within the Fire
Compartment. The gas was continuously suctioned from this point and
traveled through tubing to the front of the ship where the oxygen, carbon
dioxide, and carbon monoxide analyzers were located. There was a delay in
the analyzer response time due to this travel time. The actual delay time is
unknown. It was estimated, however, by determining the difference between
the initial analyzer response to the fire and that of the nearest therinocouple.
The analyzer data were then normalized using preignition ambient
concentrations and the carbon monoxide to carbon digxide mass ratio
was calculated. A polynomial curve. fitted to the experimental data, wus
used to generate the model input for CO (the ratio of the mass ol curbog
monoxide to carbon dioxide produced by the oxidation of the fucl).

A nominal value of 0.06 was used for the OD parameter [§]. The OD
parameter is the ratio of the mass ot carbon to carbon dioxide produced by
the oxidation of the fuel.

RESULTS

The experiment to be modeled began with ignition of a diesel pan lire at
time zero, The combustion products from the fire rose to the top of the tire
compartment until the depth of the upper layer was sufficient for the hot
gases to {low under the soffit of the Fire Compartment door into the
Passageway. The ceiling jet. consisting of these hot gases. traveled down
the Passageway toward the thermocouple string at Location A. Some of the
ceiling jet veered around the corner. heading toward the thermocouple
next to the bi-flow probe In the overhead hatch at Location B. There are
five events from the above scenario highlighted in Figure 11. Thesc are:
(1) time of pun firc ignition. (2} time at which combustion products
flowed into the Passageway through the Fire Compartment dour, (3) time at
which ceiling jet teached Location A, (4) time at which ceiling jet reached
Location B, und (5) time at which ceiling jet reached the end of
the Passageway. Experimental times for Events |. 3, and 4 ¢un hc obtained
from thermocouple readings. These occurrences were at (), 27. and 32s.
respectively.

CFAST Version 4.0.1 was used to generate niodel predictions for this
validation. The Corridor Flow Submodel is an option that can be inveked
by using the HALL keyword in the input fite, along with the appropriate
compartment as the corresponding parameter [3]. Iln the following
discussion, the original model will refer to CFAST 4.0.1 without the
Corridor Filow Submodel invoked, and the enhanced niodel will refer to
CFAST 4.0.1 with the Corridor Fiow Submodel invoked. Tlic simulation
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Figure 77. Comparison between modelpredicted and experimentally defermined ceiling jet
progression.

with the original model was done using the actual Passageway dimensions
(Sections 1 4), Tlic enhanced niodel simulation utilized the modified
dimensions as previously discussed (Sections 2 and 4) up until tlic time the
ceiling jet reached tlic end of the Passageway. The actual Passageway
dimensions were used Tor the remainder of tlic simulation. The model-
predicted times lor tlic five events described wbove art. shown in Figure ||
Time zero was once again the time of pan lire ignition. Both the original
modcl and the enhanced model predicted that the hot gases from tlie Fisc
Compartment would enter the Passageway at 1Ss. This is to be expected
sinee the differences between the models occur after this point. The original
model predicted that. 15s from ignition time. the hot gases would also reach
both Locations A and B, as well as the end of the passageway. AS previously
described. the original model assumes & hot gas laycr forms the instant that
the hot gases pass under the Fire Compartment door soffit. The enhanced
model predicted that Events 3 and 4 occurred at 29 and 40s, respectively.
The enhanced model provides @ more realistic prediction of the delay that
oceurs as the ceiling jet travels down the Passageway.

In addition to predicting the time at which the ceiling jet reaches specific
tocutions within a corridor, tlie Corridor Fiow Submodel predicts the
temperatures at these locations. The temperature predictions are obtained
by using the DETECT keyword in tlic input file to place detectors al specilic
locations. The temperature 0 fthe atmosphere at the location of the detector
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Figure 12. Comparison between modei-predicted and experimentally determined tempera-
ture at Location A.

is reported in the output from CFAST. Figure 12 shows the temperature
recorded by the top thermocouple in the string at Location A. The readings
arc normalized to 11°C (the ambicnt temperatare), using thermocouple data
recorded prior to ignition. This figure also shows the temperatures that both
the original and enhanced model predicted would occur at this location. The
curve predicted using the original model shows a graduai, smooth
temperature increase with time. This is the average temperature of tlic
upper gas layer. The curve predicted by the enhanced maodel is very close to
this original curve until the cciling jet reaches Location A. There is a sharp
increase in temperature as the ceiling jet hits the location where the detector
was placed. The predicted temperature agrees remarkably well with the
experimentally dcterniined temperature unfil the ceiling jet reaches the end
of the corridor. 48s from ignition. For times after 48s, the model
predictions. geuerated using the actual Passageway dimensions from time
zero. are used.

Figure 13 shows tlie same information for Location B. The e¢xperimental
data are from the thermocouple located in the overhead hatch. Again, thesc
readings wcrc normalized to 11°C using temperature data rccordcd prior
to ignition. The temperatures predicted by tlie original model in Figures 12
and 3 are exactly the same. Recall that the original model. with its two
layer assumption, predicts that temperatures at all uppcr laycr locations
along the Passageway arc' the sanae at any given time. The enhanced model
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Figure 13. Comparison between model-predicted and experimentally determined tempera-
lure at Location B.

shows an increase 40s after ignition. The curve generated by the enhanced
model does nor toliow the experimental data as weil as it did at Location A.
It is. however. much closer than the curve generated by the original model.
Once the ceiling jet reaches the end of the Pussagewsy, at 48s. the
temperature predictions [rom the enhanced model fall back down to
coincide with those from the original model.

MODEL SENSITIVITY TO INPUT ESTIMATES

The predictions of the Corridor Flow Submodei depend on the width
ol the corridor. or the Passageway in this case. Since tlrc Passageway
actuully varied in width along its length, averages were used as niodel
input for the predictions discussed above. To determine the sensitivity of
the model to this particular input parameter. the enhanced model was
rerun using llie smallest {2.11m) and the largest widths (2.39m). The
model-predicted tomes for Events 3 and 4 were within tenths of a second of
the original predictions. Temperature predictions remained the same. Tlic
enhanced model was also rerun with the narrowest (0.318 cm) and widest
(191 cm) bulklicad thickness. 'These changes had no effect on the niode!
predictions.
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CONCLUSEONS

Correlations were derived by performing numerical experiments using the
computationa! field model. LES3D, to estimate cciliiig jet arrival times and
temperature fail-off rates for cases with vurious specified inlet ceiling iet
temperatures and depth,. These correlations were then uscd tu develop a
Corridor Flow Submodel which was recently added tu the Consolidated
Fire and Smoke Transport (CFAST) zone firc model, developed by NIST.
Prior to the addition of the new submodel. CFAST did not properly account
for the time it took a ceiling jet, entering ut one end of a corridor, to travel
down to the other end. Previously. CFAST assumed an uppcr layer.
covering the entire ceiling area. would form instantaneouslty when the hot
gases entered the corridor. All tocations within this upper laver, and
consequently, along the entire length of the corridor. would be at 1he sume
temperature. The new submodel enables CFAST to predict the tlow of tlie
ceiling jet down the corridor witl: time. CFAST also calculates, at any given
time. the temperature distribution of the gases inside tlic ceiling jet.

The enhanced wvepsion of CFAST was uscd to model a real-scale
experiment from the 638/SHADWELL test series. The Laundry Roont in
tlie 688/SHADWILELL test series wits partitioned into two subcompartments.
One contained a pan iire and the other formed a corridor. Mot combustion
products from the firc room entered tlie corridor and flowed along its
length. Thermocouple readings were used to detect the moivement and
temperature of the ceiling jer along the corridor. CFAST. Version 4.0.1
provides tlie Corridor Flow Submodel as an option When this option IS
invoked. CFAST predicts more realistic temperature distributions in the
Laundry Room corridor. Both the time delay as the ceiling jet traveled down
tlic corridor and the temperature predictions at twe distinet corridor
locutions were comparable to those observed experimentally

Even though the use of LES3IY served as it good tool to design a
corridor flow sub-model. Turther comparisons still peed o be made
between real-scaie experiments and the zone fire model predictions. Such
comparisons will allow for assessing the validity of the modeling
assumptions, determining the accuracy of the predictions. and gaining
better confidence in the use of this model.
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