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ABSTRACT

The propagation of fire-generated smoke with a counter-flow air supply in a
horizontal arrangement of shipbpard compartments and passageways was modeled using
a computational fluid dynamics program generated by Computational Fluid Dynamics
Research Corporation. This study was based on a large-scale live fire experiment
performed by Naval Research Laboratory on the ex-USS SHADWELL. All simulations
were evaluated at steady state conditions. A constant velocity counter-flow air supply
was introduced into the model structure. The counter-flow air velocities used were 0.5, 1,
and 2 m/s. This study used a computational fluid dynamics combustion module to
simulate a 620 kW fire generated by the complete combustion of propene gas from a burn
pan in the space. Carbon dioxide from the fire was tracked throughout the structure to
model smoke propagation. Seven simulations were performed with adiabatic and
isothermal bulkhead, deck and overhead boundary conditions. Simulation smoke
propagation results were consistent with experimental observations. Figures depicting
temperature distribution, carbon dioxide distribution and mixture flow patterns at
specified locations are provided in the report. The goal of this study is to evaluate the
effectiveness of computational fluid dynamics modeling of smoke propagation in a

shipboard space with a counter-flow air supply.
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I. INTRODUCTION

A. BACKGROUND

Presently, in the United States Navy, there is a drive to reduce the manning on
naval ships. This movement is driven by several issues such as reduced total ownership
costs and the desire to minimize exposure of shipboard personnel to the combat
environment. To compensate for the crew size reduction, machines will automate
numerous shipboard functions that formerly required human interface. While the
reduction of shipboard personnel has many attractive advantages, it also has several
potential drawbacks and uncertainties. One area of great uncertainty is the effect of

reduced manning on damage control efforts in response to a casualty.

Shipboard fires have always been extremely hazardous to both the crew and the
vessel. This fact is vividly evident in the USS STARK incident. On 17 May 1987, the
USS STARK (FFG 31) was struck by two Iragi Exocet missiles, disabling the ship and
killing 37 sailors. The ensuing fire from unexpended missile propellant produced
temperatures in excess of 1400-1500 degrees Fahrenheit within a minute and engulfed the
affected spaces in flames. The buming missile propellant, electrical cables, berthing
mattresses, personal effects, etc., produced a dense, toxic smoke that propagated
throughout the ship. This intense fire, toxic smoke, and damage to fire fighting

equipment inhibited the crew’s effectiveness in combating the conflagration. [Ref 1]

In dealing with a shipboard casualty, or any other casualty, the actions taken
within the first 3-5 minutes by watch standers determine how effectively the casualty will
be controlled. A poor or slow response can allow an easily controllable situation to

cascade into a severe, catastrophic, out-of-control casualty. On the other hand, swift and

1




correct actions can neutralize a potentially catastrophic situation, thus minimizing

personnel losses and ship damage while maintaining the operational effectiveness of the

vessel.

Historically, warships have had a sufficient number of personnel available to man
damage control parties to combat ‘worst case’ casualties. On a reduced manned ship,
personnel resources will be stretched to the edge of their capabilities, therefore the crew
must heavily rely on automated damage control responses to ensure that their capabilities

to control any casualty are not exceeded. [Ref 2]

The United States Navy has been exploring several new technologies and options
to address damage control ‘issues on reduced manned ships. The Damage Control
Automation for Reduced Manning (DC-ARM) Project has a technical objective of
performing damage control functions “with 50% fewer personnel and in at least 75% less

time while maintaining the offensive capability of the ship.” [Ref 3]

Remote manual operation of advanced damage control systems was successfully
used in a demonstration conducted on 18-22 September 2000 at the Navy full-scale
Research, Development, Testing and Evaluation (RDT&E) facility, the ex-USS-
Shadwell, located in Mobile, AL. The demonstration included the Early Warning Fire
Detection (EWFD) system, water mist suppression system, automated firemain control
system and smoke control system. [Ref 4]

For an automated smoke control system to be effective, a thorough understanding

of smoke movement in a highly compartmented structure is required. Smoke movement

is very complex in a shipboard structure because of the complex arrangement of



passageways and compartments, combustion dynamics, forced ventilation effects, highly
conductive bulkheads, deck and overhead, etc. - Computational Fluid Dynamics (CFD)
models of shipboard spaces can provide the insight fequired to effectively evaluate smoke
propagation in a particular arrangement of ship spaces or evaluate the effectiveness of a
shipboard smoke control system. At a relatively low cost and resource investment, CFD
models can test many scenarios and space configurations to evaluate a vessel’s
arrangement and the correct smoke control responée for a given casualty scenario. A
minimal number of costly large-scale experiments still must be performed to validate the
CFD models’ accuracy. The combination of CFD modeling and large-scale experiments
can be a powerful design tool for evaluating future ship designs and proposed damage
control configurations. - This study evaluates the use of CFD models to evaluate smoke
propagation in a shipboard environment.

B. PREVIOUS WORK

Historically, knowledge of fire and smoke behavior was gained through large-
scale experiments. Over the last 10 years, the computing capability, processor speed and
memory capacity of the desktop computer has increased significantly. Additionally,
software programs have become more capable and easy to use. With these expanded
capabilities, the desktop computer has become .a powerful tool in evaluating smoke

movement scenarios.

Presently, there are two general models used to predict smoke propagation. in
complex structures, zone models and field models. Several different types of zones

models have been applied to simulating fire and smoke environments.

Most commonly, the zone model represents the system as two distinct
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compartment gas zones: an upper volume and a lower volume resulting
from thermal stratification due to buoyancy. This type of model is
therefore' also termed a two-zone model. Conservation equations are "
applied to each zone and serve to embrace the various transport and
combustion processes that apply. The fire is represented as a source of
energy and mass, and manifests itself as a plume whieh acts as a “pump”
of mass from the lower. zone to the upper zone through a process called
entrainment. [Ref 5: p. 258]

During the last 15 years, zone models have been used: extensively in the study of
smoke propagation in compartmented structures. Zone models generally are less
computationally intensive, hence faster than other methods. Zone models may have
limited effectiveness in certain structure geometries such as structures “with a large
length-to-width ratio or rooms where the horizontal length to vertical length ratio is very
large or very small.” [Ref 5: p. 268] Further degradation of a zone model solution
occurs in areas within the modeled structure where very: strong turbulence causes
thorough mixing of the hot and cold gas masses yielding a relatively uniform temperature

distribution. [Ref 5: p. 269]"

Jones and Walton [Ref 6] used a zone model to study the effectiveness of using'a
computer model to. predict fire growth and smoke propagation:in a highly compartmented
shipboard structure. The model simulated a 1 MW fire consisting of unspent missile fuel
and bedding material in the forward berthing compartment of an FFG 7 class ship with
initial conditions provided by the Ship Vulnerability Model at the David W. Taylor Naval
Ship Research and Development Center. The simulation results demonstrated that the
model provided an accurate prediction of the spread of fire and smoke and that the model

could be used to evaluate alternative ship designs and configurations.




In recent years, as described by Jones and Forney [Ref 7], zone models, like the
Consolidated Fire Growth and Smoke Transport (CFAST) model, have improved
algorithms that include horizontal momentum, radiation exchange and forced flow.
Bailey and .Tatem [Ref 8] compared CFAST predictions to a full-scale live fire
experiment conducted on the ex-USS SHADWELL as part of the Internal Ship

Conflagration Control (ISCC) program.

The ISCC program was chartered to provide guidance to the Fleet on the
control of fire spread in both the vertical and horizontal directions. An
additional objective was the development of new ship design criteria to
address the devastation that occurred on the USS STARK as a result of
missile induced fires. [Ref 8: p. 1]

The CFAST model predictions with the vertical heat transfer algorithm included

correlated reasonably well with the live fire data.

A field model or Computational Fluid Dynamics (CFD) model is “based on a
complete, time-dependent (or time independent), three-dimensional solution of the
fundamental conservation laws. The volume under consideration is therefore divided into
a very large number of sub-volumes and the basic laws of mass, momentum, and energy

conservation are applied to each of these.” [Ref 5: p. 269]

CFD models are computationally intense, therefore the computational time and
resources required are greater than that required of the zone model. CFD models
simulating smoke propagation have increased significantly in the last few years because
of computing cépability gains and lower hardware and software costs. A CFD model

provides more detailed information than the zone model. It provides velocity vectors,




isotherms, ' molecular species concentration; temperature distribution, - pressure

distribution, density distribution, wall heat transfer rates, etc.

Chow [Ref 9] modeled the effect of forced-ventilation on smoke layer stability
and the burning process in a single room using the CFD package PHOENICS. Chow
found that when the vent was located near the ceiling, the smoke layer was well defined.
When the vent was located near the floor, a “short-circuiting” effect occurred that
directed hot. air -out the vent causing mixing to occur within the room, thus the smoke

layer became unstable and the temperature of the layer was much lower.

Mehls [Ref 10] simulated smoke dissipation in a shipboard space using a CFD
model. This model studied steady state smoke distribution in.a DDG 51 shipboard space
with the smoke entering one door and exiting out another door located on the adjacent

bulkhead towards the other side of the space.

Abaya [Ref 11] simulated steady state smoke propagation in'a DDG 51 shipboard
space with a geometric interference using a CFD model. ‘As with Mehls, this model
simulated smoke éntering through a door from an adjacent space and exited another door
on the other side of the space. The:results demonstrated that the CFD model realistically

modeled smoke propagation in the presence of a geometric interference.

Vegara [Ref 12] simulated steady state smoke propagation in a relatively large
DDG 51 shipboard space using a CFD model. This model simulated smoke entering
through a door from an adjacent space and exited another door on the other side of the

space.. The results confirmed Mehl’s findings that a heated deck did not significantly



affect smoke propagation within the space and that Mehl’s work also applied to a larger

and more complex space.

C. PROBLEM DESCRIPTION

Williams, Forsell, DiNenno, Beyler and Lain [Ref 13] performed a live fire
experiment, at the Navy full-scale RDT&E facility, the ex-USS Shadwell, to investigate
shipboard smoke control using a forced counter-flow air supply. The experiment
evaluated smoke propagation in horizontal passageways and vertical trunks for several
different fire intensities and forced counter-flow air velocities. A propene gas fire was
used to simulate a shipboard fire. Shipboard ventilation supply fans along with exhaust
vent flow regulation were used to control the forced counter-flow air velocity. The
experiment found that “relatively modest air velocities were able to limit the migration of

smoke in either the horizontal corridor or the vertical trunk.” [Ref 13: p. 63]

The purpose of this study is to evaluate a CFD model of smoke propagation in a
shipboard space similar to the space geometry used in the full-scale experiment of
Reference 13. This structure was selected because the data presented in Reference 13
could be used as a benchmark to compare the CFD model results. This study
concentrates on modeling the effect of a forced counter-flow air supply on smoke
propagation from a 620 kW fire. The data obtained from the model was then compared

to the live fire experimental data to verify that the model results were realistic.

CFD-ACE version 6.4, commercial CFD program produced by the Computational
Fluid Dynamics Research Corporation (CFDRC), was used for analysis. The software

was last updated February 21, 2001. The modeling and simulations for this study were



performed on a Micron Client Pro Desktop computer, with a 400 Mz fprocessor, 384

megabytes of RAM and a 12 gigabyte internal hard drive.




I. GEOMETRY AND BOUNDARY CONDITION DESCRIPTION

A. MODEL GEOMETRY

The structure modeled for CFD analysis was based on the horizontal structure

described in Reference 13. Figure 1 is a plan view of the horizontal space used in the

large-scale live fire experiment.
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Figure 1.

Figure 2 shows the CFD model plan view of the test structure.

Plan view of horizontal experiment test space from Reference 13.

The model

consists of a single rectangular stateroom and an L-shaped passageway. There are two

watertight doors located in the longitudinal portion of the L-shaped passageway. One

watertight door is located at the end of the longitudinal passageway and the other is

located in the middle of the longitudinal passageway, 8.3 m from the aft end of the




passageway. For simplicity, the watertight.doors are modeled as rectangles (0.6'm x 1.8

m) with the base of the door located 0.2 m above: the.deck.  The stateroom door is also

modeled as a rectangle (0.6 m x 2.0 mi) with-the base of the door located at:the deck. The

stateroom door and the watertight doors are: modeled as: fully 'open.:during each

simulation.
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Figure 2. Plaw view of CFD model.

In the original live fire! experiment of Reference 13, a 0.66 m x 0.66 n1 natural

vent was located in the stateroom .on the.outboard bulkhead. For simpligity, the vent

dimensions are modified t¢ 0.6 m x 0.7 m. . These dimensions allow for theiconstruction

of a structured grid. The overboard vent is placed 0.5 m above the:ideck and 0.5 m aft.of

the forward stateroom bulkhead:




A 0.6 m x 0.6 m burn pan is located flush with the deck in the middle of the
transverse passageway and the center of the burn pan is located 3.2 m from the port

bulkhead as shown in Figure 2.

The model is divided into 4 blocks as depicted in Figure 3. Block 1 is the
stateroom, the recfangular space where the vent is located. Block 2 is the transverse
passageway where the burn pan is located. Block 3 is located forward of the watertight
door that divides the longitudinal passageway. Block 4 is located aft of the watertight
door that divides the longitudinal passageway. Grid spacing is every 5 cm in the vertical
and transverse directions and every 10 cm in the longitudinal direction except for the
longitudinal section of the burn pan where the grid spacing is set at 5 cm between grid
points. The grid is comprised of 373,086 nodes and 345,184 elements. Further

refinement of the grid is limited because of computer memory constraints.

Figure 3. Model volume blocks.
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B. CALCULATIONS FOR INLET CONDITIONS |

For this study, instantaneous combustion of propene (CsHg) gas with air forming
products of water vapor (H,O) and carbon dioxide (CO,) is assumed. Instantaneous
combustion is a stoichiometric chemical reaction of reactants transforming to final

products and heat release with no intermediate chemical reactions. [Ref 14]

This assumption introduced some simulation difficulties that must be addressed.
Specifically, the instantaneous combustion process produces extremely high temperatures
near the burn pan of approximately 2200 - 2300 K with all the energy released during
combustion absorbed by the combustion: products. In reality, temperatures exceeding
2000 K will result in significant dissociation of water vapor and carbon dioxide, an
endothermic reaction, thus suppressing the actual combustion temperature. [Ref 14: p.
27-28] Equilibrium equations for the dissociation of water vapor and. carbon dioxide are
provided below:

H,O< H"+0H"

H,0 < H, +—;—02 [Ref 15: p.27]

CO, = cmé—o2

For this study, dissociation of water vapor and carbon dioxide is neglected. As
stated before, the purpose of this study is to model the effect of a forced counter-flow air
supply on smoke propagation from a 620 kW fire. Therefore, emphasis. is placed on
modeling the energy input into the system and not the particular combustion process
itself. - Future models can focus. on both modeling the combustion process and the effect

of the particular combustion process on smoke propagation in the structure.
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1. Combustion Module Input Calculations

The CFD model simulations require a 620 kW fire. CFD-ACE contains a
combustion module that simulates instantaneous and complete combustion of propene,
the fuel used in the live fire experiment of Reference 13. Information required by the
CFD progfam includes the stoichiometric chemical reaction, mass fractions -of mixture
species, and burn pan mixture inlet velocity. For simplicity, the burn pan mixture is set
as a stoichiometric balance of air and propene such that all the oxygen and propene is

consumed during combustion. The stoichiometric reaction is provided below:

2C,H, +90, +30N, - 6CO, +6H,0+30N, (1)

This model can be thought of as a Bunsen burner type of setup. The enthalpy of

combustion, ([AH,.|, for propene is:

|AH | = 45780 kl/kg

The required mass flow rate, 71, in kg/s, of propene is given by:

m =
CyHg AH
I C|

where: Q= Fire intensity (kW)

The mole flow rate, M , in kmol/s, is obtained by:

where: MW , = Molecular weight of propene (C3Hs)
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Using ratios of the stoichiometric coefficients from equation (1), the mole flow rate of

propene and the molecular weight of O, the required O, mass flow rate is obtained by:

. 9 . W
moz = _MC3H6 0,

2

For the entire model, air composition is assumed to be 21% O, and 79% N, by volume.
Therefore, for each kmol of O, in air, there is approximately 3.76 kmol of N,. The mass

flow rate of N is then determined from the following relation:
iy =3.76M, MW,

The Ideal Gas Law is used to determine the density, o, of O, and N, at a pressure of 100

kPa and a temperature of 300 K. The volume flow rate, V , in m%/s, for C3Hg, O, and N,

are determined by the following relation:

y="
P

The burn pan mixture velocity, v, in m/s, required to generate a 620 kW fire is

determined by the following relation:

Ve, +Vo, +Vy,
A

where: A= Burn pan area (m?)

The required burn pan mixture inlet velocity is 0.500 m/s. The required species mass

fraction information for each mixture is provided in Table 1.
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CsHe 0O, N2

Burn Pan Mixture Mass Fractions 0.06363 0.21822 0.71815

Air Mixture Mass Fractions 0 0.233 0.767

Table 1. Species mass fractions for combustion module.

2. Simulated Combustion Calculations

A second method of simulating a 620 kW fire is also used. This method also
assumes complete stoichiometic combustion of propene as indicated by equation (1).
Assuming the combustion products and N, absorbed all heat of combustion, the hot
gasses are expelled into the space through the burn pan opening. In order to use this
method in the CFD program, the combustion product gas stream temperature and velocity
are required. The combustion products gas stream temperature was obtained from the

following relation:

0=|mc,), +(iC,), ,+0nC, ) (T-T,.) @

where: QO = Fire intensity (kW)
m = Mass flow rate of molecular species (kg/s)

C,= Specific heat constant (kJ/kg-K)

T,,.,= Ambient temperature = 300 K

T = Gas temperature (K)
The specific heat, C, (kJ/kg-K), of each molecular species are given by [Ref 16: p. 651]:

_39.060-512.7967"° +1072.767* —820.406"
i MW,

Nz: C
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_ —3.7357+30.5296%° - 4.10346 + 0.0241986"

COzI C
i M,
— 0.25 05 _
1L,0: C,, _ 143.05-183.546" " +82.7510 3.69896
MWHZO

where: 6 = % T is given in Kelvin

Substituting the C3;Hg, O, and N, mass flow rates, calculated in section II.B.1, into
equation (2) yields a temperature of approximately 2307 K. Additionally, the required
burn pan mixture velocity is calculated to be 4.08 m/s. The required species mass

fraction information for each mixture is provided in Table 2.

CO2 H20 N, (07}
Burn Pan Mixture Mass Fractions 0.20006 0.08186 0.71808 0
Air Mixture Mass Fractions 0 0 0.767 0.233

Table 2. Species mass fractions for simulated combustion.

C. BOUNDARY AND VOLUME CONDITIONS

Two wall boundary conditions are evaluated, adiabatic and isothermal. In the
1sothermal condition, the outer bulkheads, overhead and deck are maintained at 300 K.
Interior bulkheads are designated as adiabatic for all simulations. A uniform wall

roughness of 0.0005 m is used for the overhead, deck and bulkheads.
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For all simulations, the reference pressure and gravitational acceleration are set at

100 kPa and -9.81 m/s, respectively.

For the volume conditions, the evaluation methods for density,. viscosity and
specific heat are the ideal gas law, mixed Sutherland’s law and the mix Joint Army,
Navy, NASA and Air Force (JANNAF) method respectively. The Prant]l number and

Schmidt number were set at 0.707 and 0.7 respectively.

The iritial volume conditions for all simulations are provided in Table 3.

Location U \Y% W Relative | Temperature:

Velocity | Velocity | Velocity | Pressure X
(m/s) (m/s) (m/s) (Pa)

Block 1 : 0 0 0 0 300

Block 2 0 0 0 0 300

Block 3 0 0 0 0 300

Block 4 0 0 0 0 300

Table 3. Volume initial conditions.

D. SIMULATION MATRIX

Table 4 provides a summary of the model simulations evaluated in this study.

Each simulation is evaluated at steady state. .
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Simmlation Watertight Fire Simulation | Exterior Bulkhead

Identification Door Inlet Method Boundary

Velocity (m/s) Condition

1 1 CFD Chemistry Adiabatic
module

2 1 CFD Chemistry Isothermal
Module

3 1 Hot Combustion Isothermal
l Products

4 0.5 CFD Chemistry Isothermal
Module

3 2 CFD Chemistry Isothermal
Module

6 0.5 CFD Chemistry Adiabatic
Module

7 2 CFD Chemistry Adiabatic
Module

Table 4. Simulation summary matrix.

18




III. RESULTS

For each variable, such as velocity components, enthalpy, pressure, etc., residuals
are calculated for each cell, weighted by the cell volume, and then summed over the
entire model. A residual reducticn of five orders of magnitude is desired to ensure that
solutton convergence is achieved. [Ref 17] For all simulations in this study, each
varigble attains a residual reduction of three to four orders of magnitude. To achieve a
residual reductior: of at least five orders of magnitude, a finer model grid is required,
however, this study is limited by available computer memory. The variable with the
largest residual is enthalpy. Although the variables for each simulation only achieve a
minirnum of three orders of magnitude residual reduction, the results are sufficient to

evaluate smoke movement in the structure.

Figures 4 and 5 present the representative section views used to analyze the data.
Section A-A. is an elevation view along the centerline of the longitudinal passageway.
Section B-B:is an elevation view.along the centerline of the transverse passageway.
Section C-C is an elevation view that bisects the stateroom door. Section D-D is a plan
view located 0.5 m above the deck. Section E-E is a plan view located 1.75 m above the

deck: .

Results for simulations 1-7 are presented in Appendices A-G respectively. For
this study, CO, is the molecular species selected to represent smoke. The figures in the
appendices. concentrate on the temperature distribution, CO, mass fraction distribution

and the total gas mixture (CO,, H;0,-O, and N;) circulation pattern.
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Given the geometry modifications of the CFD model as compared to the
experimental structure of Reference 13 and the isothermal/adiabatic boundary condition
assumptions for the overhead, deck and bulkheads, all simulation results compare
reasonably well with the experimental smoke propagation distance reported in Reference
13 for a 620 kW fire. Figures 6 and 7 show that the CO, gas mass fraction distributions

at the longitudinal passageway and stateroom doors are very similar. In Figure 6,
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simulations 5 and 7 show that for an air inlet velocity of 2.0 m/s, the CO, mass fraction
distribution is nearly zero for the isothermal and adiabatic bulkhead boundary conditions
indicating that CO, propagation is significantly decreased downstream from the door. As
the air inlet velocity decreases, the CO, mass fraction distributions diverge slightly as the
top of the door is approached. Figure 6 also shows that the CO, gas mass fraction values
for simulations 1 and 2 at an elevation of 1.75 m at the centerline of the longitudinal
passageway door are within approximately 13% of each other. Additionally, the CO,
gas mass fraction values for simulations 4 and 6 at an elevation of 1.75 m at the
centerline of the longitudinal passageway door are within approximately 10% of each
other.  The CO, gas mass fraction value at an elevation of 1.75 m for simulation 3 is
within approximately 40% of the value for simulation 1. Additionally, for a given air
inlet .velocity, comparison of the effect of bulkhead boundary condition
(isothermal/adiabatic) on CO, mass fraction distribution in the longitudinal passageway
reveals very similar patterns and are displayed in Figures 12, 25 (1 m/s inlet velocity),

Figures 51, 77 (0.5 m/s inlet velocity) and Figures 64, 90 (2.0 m/s inlet velocity).

The air inlet velocity has a strong effect on the thickness of the CO, layer passing
through the door. As observed in Figures 11, 24, 37, 50, 63, 76 and 89, the flow area
reduction (39% area reduction) formed by the longitudinal passageway door restricted
CO, propagation against the forced air flow from the inlet. Additional insight into the
gas flow pattern for varying counter—flow velocities at the longitudinal passageway door
are provided in Figures 10, 23, 36, 49, 62, 75 and 88. These flow patterns are consistent
with experimental smoke propagation in the presence of a constriction against an airflow

and is briefly described by Klote and Fothergill. [Ref 18: p. 22-23]
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Plot of elevation versus CO, for all simulations at the centerline of

the longitudinal passageway.. .
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Plot of elevation versus CQO; for all simulations at the centerline of the
stateroom door.




Figure 7 shows that the CO, mass fraction distribution at the stateroom door is
nearly identical for both the isothermal and adiabatic bulkhead boundary condition for all

simulations using the CFD combustion module.

Figures 8 and 9 show the temperature profile at the longitudinal passageway door
and the stateroom door for all simulations. With the exception of simulation 5 and 7,
simulations using the CFD combustion module display a significant disparity in
temperatures throughout the model because of the different overhead, deck and bulkhead
boundary conditions. Simulations 5 and 7 show no difference in temperature because the
air inlet velocity is sufficient to prevent the thermal layer from propagating towards the

forced air inlet.

Elevation vs. Temperature at Centerline of Longitudinal
Passageway Door
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Figure 8. Plot of elevation versus temperature at the centerline of the longitudinal
passageway door.
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The CFD combustion model is not used in simulation 3 and yields different
results. CO, propagation against the forced inlet air supply is not as pronounced as it is
in simulations 1 and 2. Simulation 3 space temperatures are lower at the longitudinal
passageway door, yet the temperatures are higher at the stateroom door than those found
in simulation 2. Simulation 3 results do not compare as well as simulations 1 and 2 do
with the experimental results reported in Reference 13 in terms of smoke propagation

distance and temperature distribution.

Elevation vs. Temperature at Centerline of
Stateroom Door
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Figure 9. Plot of elevation versus temperature at the centerline of the stateroom

door. The scattered data near the deck for simulations 2, 3, 4 and 5 are
caused by the isothermal deck boundary condition.

The average temperature using 100 data points at two locations for simulations 5

and 7 are calculated and compared to the average temperature reported at the same

general location in the experimental structure of Reference 13. The model average
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temperatures at the centerline of the stateroom door and the centerline of the longitudinal
passageway door for simulation 5 are 275 C and 27.6 C respectively. ‘The model average
temperatures at the centerline of the stateroom door and the centerline of the longitudinal
passageway door for simulation 7 are 310 C and 28.1 C respectively. The average
temperatures reported in the experimental structure at approximately the same locations
were 356 C and 71 C respectively. The average temperatures for both simulations are

lower than the average temperatures observed in the live fire experiment.

As seen in Appendices A-G, the CFD models produce many interesting flow
patterns. As mentioned before, the flow pattern observed at the centerline of longitudinal
passageway door is consistent with experimental observations. Another interesting flow
pattern develops at the stateroom door. Figures 17, 18, 30, 31, 43, 44, 56, 57, 69, 70, 82,
83, 95 and 96 display a shear flow at the stateroom door that grows in intensity with
increasing inlet velocity. The D-D section view shows that the lower flow is directed
towards the vent while the E-E section view shows that the upper flow is directed away

from the vent.

Figures 15, 28, 41, 54, 67, 80 and 93 show for all simulations that temperature
stratification of the gas mixture in the stateroom is nonexistent and results in a relatively
uniform temperature distribution. The CO, distribution, depicted in Figures 16, 29, 42,
55, 68, 81 and 94, is also relatively uniform indicating that strong turbulence is present in
the stateroom. With the breakdown of two-layer temperature stratification, a zone model

will experience problems in providing accurate results in the stateroom.
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IV. CONCLUSIONS

Computational fluid dynamics modeling of fire generated smoke propagation in a.
compartmented shipboard structure against an air flow provides results such as fluid
circulation patterns, smoke propagation distances and structure temperature distributions,
that are consistent with experimental data of Reference 13. Sufficient information of
smoke movement in the structure is obtained without dedicating significant time and
effort to modeling the exact experimental structure geometry and to realistically
modeling the overhead, deck and bulkhead heat transfer rates. If fire spread or heat
transfer to adjacent spaces is to be studied, detailed modeling of the structure geometry

and accurate information of boundary heat transfer rates are required to obtain realistic.

predictions.

A zone model of smoke propagation in the structure used in this study would.
provided inaccurate results in the transverse passageway and the stateroom because of the:
breakdown of thermal stratification. ~Computational fluid dynamics modeling does not
encounter this problem because it provides results based on the solution of the

fundamental conservation laws.

The CFD combustion module used to simulate instantaneous combustion of
propene gas yields results that are consistent with the experimental results of Reference

13.

A CFD program is computationally intensive; therefore, it is very demanding on
computer resources. Each simulation in this study required 4-5 days to generate results.

while only achieving a 3-4 order of magnitude residual reduction. Although adequate
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results were obtain, a finer mesh of the structure was required to ensure that a minimum
of 5-6 orders of magnitude residual reduction was obtained for all variables. With a finer
mesh, a faster processor and a larger RAM capability is required to keep the computation
time within reason. Generally, for every 100,000 elements, 100 MB of RAM was

required.

Based on the findings of this study, computational fluid dynamics modeling can
be a powerful design tool for evaluating smoke and fire movement in current and future

ship designs and proposed damage control configurations.




V.  RECOMMENDATIONS

The following recommendations are made in continuation of this study:

Develop a more realistic model for the combustion process. The combustion
process is a very complex problem. Better knowledge of the process will allow
engineers to design reliable sensors to rapidly identify a particular fire and

develop fire suppressions systems that quickly and effectively extinguish fires.
Model the effect of forced counter-flow ventilation on fire growth and intensity.

Vary vent parameters such as vent location and boundary conditions (back
pressure, fixed exit velocity simulating an operating fan, etc.) to study the effect
on smoke propagation in a compartmented structure. Smoke control plans and/or
systems must be integrated into future designs of collective protection systems.
Knowledge of smoke propagation under the influence of shipboard ventilation

systems is required to properly develop these systems.

Study the effects of varying the location of the burn pan and fire intensity on
smoke propagation. Knowledge of anticipated casualty indications will allow
engineers to design automated damage control systems that respond quickly and

correctly to a specific casualty.

Modify the bulkhead, overhead and deck boundary conditions to more closely
simulate reality. Explore the use of conjugate heat transfer to simulate conduction
through the overhead, deck and bulkheads. Flashover of spaces adjacent to a fire

is an issue of great concern to shipboard personnel.
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Use transient time step calculations to predict bulkhead, overhead and deck
temperatures, and smoke propagation behavior throughout the structure.
Knowledge of transient smoke behavior is important in the design and placement
of smoke sensors, the development of smoke control plans and/or systems and the

protection of shipboard personnel.

Study smoke propagation and heat conduction in a multi-level compartmented

structure.

Include radiation heat transfer in the model.
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APPENDIX A: SIMULATION 1

Simulation 1 uses the CFD combustion module to simulate a 620 kW fire. The
overhead, deck and bulkheads of the structure are adiabatic. The inlet, burn pan, vent and

bulkhead conditions are presented in Table 5. The gas mixtures for the inlet, burn pan

LN AL

and vent are shown in Table 6.

Inlet/ Outlet Boundary Conditions

8] \Y% w Relative
Location Velocity | Velocity | Velocity Pressure Temperature
(mvs) (m/s) (/s) (Pa) X)
Watertight 0 0 -1 0 300
Door Inlet
Burn Pan 0 0.5 0 0 300
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
U \Y% W Wall
Location Velocity | Velocity | Velocity | Roughness Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Adiabatic
Overheads, Deck

Table 5.

Inlet

Burn Pan

Vent

Mixture

Air

Propene/Air

Air

Table 6.

CFD program default solvers, inertial and linear relaxations, and variable limits

Simulation 1, inlet, burn pan, vent and bulkhead boundary conditions.

Simulation 1, inlet, burn pan and vent mixture definition.

are used to evaluate the model.
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Figure 10. Simulation 1, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the
longitudinal passageway in the vicinity of the watertight door.
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Figure 11. Simulation 1, partial elevation view (A-A) depicting CO; (mass fraction)
distribution along the centerline of the longitudinal passageway in the
vicinity of the watertight door.
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Figure 12. Simulation 1, elevation view (A-A) depicting CO; (mass fraction)
distribution along the centerline of the longitudinal passageway.
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Figure 13. Simulation 1, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the
transverse passageway on the port side of the structure.
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Figure 14.
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Figure 15.

Simulation 1, elevation view (B-B) depicting CO, (mass fraction)
distribution along the centerline of the transverse passageway.
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Simulation 1, partial elevation view (C-C) depicting temperature (K)
distribution and fluid circulation pattern through the centerline of the
stateroom door from the transverse passageway.
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Figure 20. Simulation 1, partial plan view (E-E) dpichOz (mass fraction)
distribution in the stateroom and transverse passageway.
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Figure 21. Simulation 1, plan view (D-D) depicting CO; (mass fraction) distribution
throughout the structure.
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Figure 22. Simulation 1, plan view (E-E) depicting CO, (mass fraction) distribution
throughout the structure.
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APPENDIX B: SIMULATION 2

Simulation 2 uses the CFD combustion module to simulate a 620 kW fire. The
overhead, deck and bulkheads of the structure are isothermal boundaries at 300 K. The
inlet, burn pan and vent conditions are presented in Table 7. The gas mixtures for the

inlet, burn pan and vent are shown in Table 8.

i A

Inlet/ Outlet Boundary Conditions

U \% W Relative
Location Velocity | Velocity | Velocity Pressure Temperature
(m/s) (m/s) (m/s) (Pa) (K)
Watertight 0 0 -1 0 300
Door Inlet
Burn Pan 0 0.5 0 0 300
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
U \Y% w Wall
Location Velocity | Velocity | Velocity | Roughness Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Isothermal /
Overheads, Deck 300 K
Table 7. Simulation 2, inlet, burn pan, vent and bulkhead boundary conditions.
Inlet Burn Pan Vent
Mixture Air | Propene/Air | Air
Table 8. Simulation 2, inlet, burn pan and vent mixture definition.

CFD program default solvers, inertial and linear relaxations, and variable limits

are used to evaluate the model.
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Figure 23. Simulation 2, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the
longitudinal passageway in the vicinity of the watertight door.
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Figure 24. Simulation 2, partial elevation view (A-A) depicting CO, (mass fraction)
distribution along the centerline of the longitudinal passageway in the

vicinity of the watertight door.
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Figure 25. Simulation 2, partial elevation view (A-A) depicting CO, (mass fraction)
distribution at the centerline of the longitudinal passageway.

Figure 26. Simulation 2, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the
transverse passageway on the port side of the structure.
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Figure 27. Simulation 2, elevation view (B-B) depicting CO, gas (mass fraction)
distribution at the centerline of the transverse passageway.
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Figure 28. Simulation 2, partial elevation view (C-C) depicting temperature (K)
distribution and fluid circulation pattern through the centerline of the
stateroom door from the transverse passageway.
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distribution at the centerline of the stateroom door.
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distribution and fluid circulation pattern from the transverse passageway

through the door into the stateroom.
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Figure 31. Simulation 2, partial plan view (E- E) deplctlng temperature (X)
distribution and fluid circulation pattern from the transverse passageway
through the door into the stateroom.
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Figure 32. Simulation 2, partial plan view (D D) deplctlng CO» (mass fraction)
distribution in the stateroom and transverse passageway.
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Figure 33. Simulation 2, partial plan view (E-E) depictingCOz (mass fraction)
distribution in the stateroom and transverse passageway.
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Figure 34. Simulation 2, plan view (D-D) depicting CO, (mass fraction)
distribution throughout the structure.
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Figure 35. Simulation 2, plan view (E-E) depicting CO, (mass fraction) distribution
throughout the structure.
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APPENDIX C: SIMULATION 3

Simulation 3 does not use the CFD combustion module to simulate a 620 kW fire.

The overhead, deck and bulkheads of the structure are isothermal boundaries at 300 K.

The inlet, burn pan and vent conditions are presented in Table 9.

the inlet, burn pan and vent are shown in Table 10.

The gas mixtures for

P P TENG IR L TP

i TI T s T

Inlet/ Outlet Boundary Conditions

U v W Relative
Location Velocity | Velocity | Velocity Pressure Temperature
(m/s) (m/s) (m/s) (Pa) (K)
Watertight 0 0 -1 0 300
Door Inlet
Burn Pan 0 4.08 0 0 2307
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
U \% W Wall
Location Velocity | Velocity | Velocity | Roughness | Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Isothermal /
Overheads, Deck 300K
Table 9. Simulation 3, inlet, burn pan, vent, bulkhead boundary conditions.
Inlet Burn Pan Vent
Mixture Air CO,, H,O, N, Air
Table 10. Simulation 3, inlet, burn pan and vent mixture definition.

CFD program default solvers, inertial and linear relaxations, and variable limits

are used to evaluate the model.
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Figure 36. Simulation 3, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the
longitudinal passageway in the vicinity of the watertight door.
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Figure 37.

Simulation 3, partial elevation view (A-A) of CO, gas (mass fraction)
propagation at the centerline of the longitudinal passageway in the vicinity
of the watertight door.
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Figure 38. Simulation 3, elevation view (A-A) of CO, gas (mass fraction)
propagation at the centerline of the longitudinal passageway.

Figure 39. Simulation 3, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the
transverse passageway on the port side.
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Figure 40. Simulation 3, elevation view (B-B) of CO, gas (mass fraction)
propagation at the centerline of the transverse passageway.
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Figure 41. Simulation 3, elevation view (C-C) depicting the temperature (K)
distribution and fluid circulation pattern through the centerline of the
stateroom door from the transverse passageway.
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Figure 44.

Figure 45.
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distribution and fluid circulation pattern from the transverse passageway

through the door into the stateroom.
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Simulation 3, partial plan view (E-E) depicting CO»
distribution in the stateroom and transverse passageway.

Figure 47.

Simulation 3, plan view (D-D) depicting CO, (mass fraction) distribution

throughout the structure.
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Figure 48.

Simulation 3, plan view (E-E) depicting CO; (mass fraction) distribution

throughout the structure.
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APPENDIX D: SIMULATION 4

Simulation 4 uses the CFD combustion module to simulate a 620 kW fire. The
overhead, deck and bulkheads of the structure were isothermal boundaries at 300 K. The
inlet, burn pan and vent conditions are presented in Table 11. The gas mixtures for the

inlet, burn pan and vent are shown in Table 12.

Inlet/ Outlet Boundary Conditions

U A"/ A\ Relative
Location Velocity | Velocity | Velocity Pressure Temperature
(m/s) (m/s) (v/s) (Pa) (K)
Watertight 0 0 -0.5 0 300
Door Inlet
Burn Pan 0 0.5 0 0 300
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
U \Y% w Wall
Location Velocity | Velocity | Velocity | Roughness Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Isothermal /
Overheads, Deck 300K
Table 11. Simulation 4, inlet, burn pan, vent and bulkhead boundary conditions.
Inlet Burn Pan Vent
Mixture Air | Propene/Air | Air
Table 12. Simulation 4, inlet, burn pan and vent mixture definition.

CFD program default solvers, inertial and linear relaxations, and variable limits

were used to evaluate the model.
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Figure 49. Simulation 4, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the
longitudinal passageway in the vicinity of the watertight door.
Cco2
0.05
0.04
0.03
0.02
D01
0
Figure 50. Simulation 4, partial elevation view (A-A) of CO, gas (mass fraction)

propagation at the centerline of the longitudinal passageway in the vicinity
of the watertight door.
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Figure 51. Simulation 4, elevation view (A-A) of CO,
propagation at the centerline of the longitudinal passageway.
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Figure 52. Simulation 4, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the

transverse passageway on the port side.
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Figure 54.

Simulation 4, elevation view (B-B) of CO, gas (mass fraction)
propagation at the centerline of the transverse passageway.
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Simulation 4, elevation view (C-C) depicting the temperature (K)
distribution and fluid circulation pattern through the centerline of the
stateroom door from the transverse passageway.
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Figure 55. Simulation 4, elevation view (C-C) depicting CO, (mass fraction)
distribution at the centerline of the stateroom door.
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Figure 56. Simulation 4, partial plan view (D-D) depictiné température (K)
distribution and fluid circulation pattern from the transverse passageway
through the door into the stateroom.
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Figure 59.  Simulation 4, partial plan view (E-E) depicting CO; (mass_fraction)
distribution in the stateroom and transverse passageway.

Figure 60. Simulation 4, plan view (D-D) depicting CO; (mass fraction) distribution
throughout the structure.
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Figure 61. Simulation 4, plan view (E-E) depicting CO, (mass fraction) distribution
throughout the structure.
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APPENDIX E: SIMULATION 5

Simulation 5 uses the CFD combustion module to simulate a 620 kW fire. The
overhead, deck and bulkheads of the structure are isothermal boundaries at 300 K. The
inlet, burn pan and vent conditions are presented in Table 13. The gas mixtures for the

inlet, burn pan and vent are shown in Table 14.

Inlet/ Outlet Boundary Conditions

U A" 'Y Relative
Location Velocity | Velocity | Velocity Pressure Temperature
(m/s) (mv/s) (m/s) (Pa) (X)
Watertight 0 0 -2 0 300
Door Inlet
Burn Pan 0 0.5 0 0 300
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
U v w Wall
Location Velocity | Velocity | Velocity | Roughness | Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Isothermal /
Overheads, Deck 300 K
Table 13. Simulation 5, inlet, burn pan, vent, bulkhead boundary conditions.
Inlet Burn Pan Vent
Mixture Air Propene/Air Air
Table 14. Simulation 5, inlet, burn pan and vent mixture definition.

CFD program default solvers, inertial and linear relaxations, and variable limits

are used to evaluate the model.

69

SR TR T

e

e M




T P Dt S A N B
-——)F"J.«i/-*- o 2o = 2

450 - ’ ===
440 . S ! = T
i S ==
410 e e i R S s = =SS
1 3 . . e yﬂ S = e =
390 = =2 B
380 i

) ——, ==
360 o~ S === =

ot :
350
340 . =
330 {24 3 EEEE
320 :
310
300 -t =
= B

Figure 62. Simulation 5, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the

longitudinal passageway in the vicinity of the watertight door.

Figure 63. Simulation 5, partial elevation view (A-A) of CO, gas (mass fraction)
propagation at the centerline of the longitudinal passageway in the vicinity

of the watertight door.
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Figure 64. Simulation 5, elevation view (A-A) of CO, gas (mass fraction)
propagation at the centerline of the longitudinal passageway.
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Figure 65. Simulation 5, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the
transverse passageway on the port side.
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Figure 66. Simulation S5, elevation view (B-B) of CO, gas (mass fraction)
propagation at the centerline of the transverse passageway.
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Figure 67. Simulation 5, elevation view (C-C) depicting the temperature (K)

distribution and fluid circulation pattern through the centerline of the
stateroom door from the transverse passageway.
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D) depicting the téihpérature (K)

distribution and fluid circulation pattern from the transverse passageway

through the door into the stateroom.

C) depicting CO, (mass fraction)

distribution at the centerline of the stateroom door.
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Figure 70.

partial plan view (D-D) depicting CO, (mass fraction)
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Figure 72. Simulation 5, partial plan view (E-E) depicting CO, (mass fraction)
distribution in the stateroom and transverse passageway.
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Figure 73. Simulation 3, plan view (D-D) depicting CO, (mass fraction) distribution
throughout the structure.
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Figure 74.

Simulation 5, plan view (E-E) depicting CO, (mass fraction) distribution
throughout the structure.
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APPENDIX F: SIMULATION 6

Simulation 6 uses the CFD combustion module to simulate a 620 kW fire. The

overhead, deck and bulkheads of the structure are adiabatic. The inlet, burn pan and vent

conditions are presented in Table 15. The gas mixtures for the inlet, burn pan and vent

are shown in Table 16.

Inlet/ Outlet Boundary Conditions

U \Y ' Relative
Location Velocity | Velocity | Velocity Pressure Temperature
(m/s) (m/s) (m/s) (Pa) (K)
Watertight 0 0 -0.5 0 300
Door Inlet
Burn Pan 0 0.5 0 0 300
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
8} \% \" Wall
Location Velocity | Velocity | Velocity | Roughness Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Adiabatic
Overheads, Deck

Table 15. Simulation 6, inlet, burn pan, vent, bulkhead boundary conditions.
Inlet Burn Pan Vent
Mixture Air | Propene/Air | Air
Table 16. Simulation 6, inlet, burn pan and vent mixture definition.

CFD program default solvers, inertial and linear relaxations, and variable limits

are used to evaluate the model.
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Figure 75. Simulation 6, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the
longitudinal passageway in the vicinity of the watertight door.
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Figure 76. Simulation 6, partial elevation view (A-A) of CO, gas (mass fraction)
propagation at the centerline of the longitudinal passageway in the vicinity
of the watertight door.
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Figure 77. Simulation 6, elevation view (A-A) of CO; gas (mass fraction)
propagation at the centerline of the longitudinal passageway.
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Figure 78. Simulation 6, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the

transverse passageway on the port side.
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elevation view (B-B) of CO, gas (mass fraction)
propagation at the centerline of the transverse passageway.

SN
SN

e h

AN

—_
S
N
N

N
\\ Y
!

ﬁﬁ )

v

2N
AN

SN
S

Figure 80.

Simulation 6, elevation view (C-C) depicting the temperature (K)
distribution and fluid circulation pattern through the centerline of the
stateroom door from the transverse passageway.
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Figure 81.

Figure 82.

CO;, (mass fraction)

Simulation 6, elevation view (C-C) depicting
distribution at the centerline of the stateroom door.

5 44 g

Simulation 6, partial plan view (D-D) depictingu thké“t-erﬁpérdture (X)
distribution and fluid circulation pattern from the transverse passageway
through the door into the stateroom.
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Figure 83. Simulation 6, partial plan view (E-E) depicting the temperature (K)
distribution and fluid circulation pattern from the transverse passageway

through the door into the stateroom.
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Figure 84. Simulation 6, partial plan view (D-D) depicting CO, (mass fraction)
distribution in the stateroom and transverse passageway.
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Figure 85. Simulation 6, partial plan view (E-E) depicting CO, (mass fraction)
distribution in the stateroom and transverse passageway.

Figure 86. Simulation 6, plan view (D-D) depicting CO; (mass fraction) distribution

throughout the structure.
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Figure 87. Simulation 6, plan view (E-E) depicting CO, (mass fraction) distribution
throughout the structure.
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APPENDIX G: SIMULATION 7

Simulation 7 uses the CFD combustion module to simulate a 620 kW fire. The
overhead, deck and bulkheads of the structure are adiabatic. The inlet, burn pan and vent
conditions are presented in Table 17. The gas mixtures for the inlet, burn pan and vent

are shown in Table 18.

Inlet/ Outlet Boundary Conditions

U A% W Relative
Location Velocity | Velocity | Velocity Pressure | Temperature
(m/s) (m/s) (m/s) (Pa) (K)
Watertight 0 0 -2 0 300
Door Inlet
Burn Pan 0 0.5 0 0 300
Vent 0 0 0 0 300
Bulkhead Boundary Conditions
U \Y% W Wall
Location Velocity | Velocity | Velocity | Roughness Adiabatic /
(m/s) (m/s) (m/s) (m) Isothermal
Interior Bulkheads 0 0 0 0.0005 Adiabatic
Exterior Bulkheads, 0 0 0 0.0005 Adiabatic
Overheads, Deck
Table 17. Simulation 7, inlet, burn pan, vent, bulkhead boundary conditions.

Inlet Burn Pan Vent
Mixture Air | Propene/Air | Air
Simulation 7, inlet, burn pan and vent mixture definition.

Table 18.

CFD program default solvers, inertial and linear relaxations, and variable limits

are used to evaluate the model.
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Figure 88.

Simulation 7, partial elevation view (A-A) depicting temperature (K)
distribution and fluid circulation pattern at the centerline of the
longitudinal passageway in the vicinity of the watertight door.

Simulation 7, partial elevation view (A-A) of CO; gas (mass fraction)
propagation at the centerline of the longitudinal passageway in the

vicinity of the watertight door.
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Figure 90. Simulation 7, elevation view (A-A) of CO, gas (mass fraction)
propagation at the centerline of the longitudinal passageway.
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Figure 91. Simulation 7, partial elevation view (B-B) depicting temperature (K)
distribution and fluid circulation pattern along the centerline of the
transverse passageway on the port side.
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elevation view (C
distribution and fluid circulation pattern through the centerline of the

stateroom door from the transverse passageway.
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partial plan view (D-D) depicting the temperature (K)

distribution and fluid circulation pattern from the transverse passageway

through the door into the stateroom.
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Figure 96.

90

Simulation 7, partial plan view (D-D) depicting CO, (mass fraction)

distribution in the stateroom and transverse passageway.
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Figure 98. Simulation 7, partial plan view (E-E) depicting CO, (mass fraction)
distribution in the stateroom and transverse passageway.
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Figure 99. Simulation 7, plan view (D-D) depicting CO, (mass fraction) distribution
throughout the structure.
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Figure 100.

Simulation 7, plan view (D-D) depicting CO, (mass fraction) distribution
throughout the structure.
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