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The Consolidated Compartment Fire Model (CCFM) Computer Code
Application CCFM.VENTS - Part I: Physical Basis

Leonard Y. Cooper and Glenn P. Formey

ABSTRACT

A project was carried out at The National Institute of Standards and
Technology (NIST) to study the feasibility of developing a new-generation,
multi-room, compartment fire model computer code, called the Consolidated
Compartment Fire Model (CCFM) computer code. The idea was that such a code
would consolidate past progress in zone-type compartment fire modeling, and
allow readily for integration of future advances with the greatest possible
flexibility. Desired features of the CCFM would include: comprehensive
documentation, user-friendliness, significant modularity, numerical
robustness, and versatility in the sense that the code would provide a
capability of analyzing a particular compartment fire problem by using any one
of a range of physical-phenomena-modeling sophistication, from the most basic
to the most comprehensive. The project led to the development of a prototype
multi-room CCFM product called CCFM.VENTS. CCFM.VENTS involves a model
formulation and code structure that allows for the required future CCFM growth
flexibility. It has a relatively sophisticated and very general room-to-room
forced and unforced vent flow capability. Finally, the CCFM.VENTS code uses
the simplest possible, point-source-plume, smoke-filling fire physics in the
rooms-of-fire-origin and a very simple heat transfer calculation there and in
other spaces.

This is Part I of a four-part report which documents the above effort.
Introductory remarks discuss the generic features of the CCFM and the specific
features of CCFM.VENTS. The main objective of this Part I document is to
present a comprehensive description of the governing equations of CCFM.VENTS
and their technical basis.

The other three parts of this report are: Part II: Software Reference Guide;
Part III: Catalog of Algorithms and Subroutines; and Part IV: User Reference
Guide.

Some of the features of CCFM.VENTS are now in the process of being integrated
into CFAST, a revised version of the FAST fire model which is being used
currently in the NIST/CFR Fire Hazard Assessment Method, HAZARD.

Keywords: building fires; compartment fires; computer models; fire models;
mathematical models; vents; zone models.



1. Background

1.1. The Consolidated Compartment Fire Model (CCFM): A New Generation Multi-
Room Fire Model

A project was carried out at The National Institute of Standards and
Technology (NIST) to study the feasibility of developing a new-generation,
multi-room, compartment fire model computer code, called the Consolidated
Compartment Fire Model (CCFM) computer code. The idea was that such a code
would consolidate past progress in zone-type compartment fire modeling, and
allow readily for integration of future advances with the greatest possible
flexibility. The CCFM would be developed in stages and the development
process would lead to a series of well-documented, user-friendly, numerically-
robust, modular, and easily updated CCFM products or "applications,". These
would be versatile in the sense that they would provide a capability of
simulating a particular compartment fire scenario by using one of a series of
available levels of physical modeling sophistication from the most basic to
the most comprehensive. The final stage CCFM would provide the best possible
mathematical simulation of fire-generated environments.

The project led to a prototype multi-room CCFM product called CCFM.VENTS
(i.e., an application of the CCFM concept named VENTS). CCFM.VENTS involves a
model formulation and code structure that allows for the required future CCFM
growth flexibility.

This document, Part I: Physical Basis, is the first of a four-part report
which documents CCFM.VENTS. The other three parts are: Part II: Software
Reference Guide [1.1.1]!; Part III: Catalog of Algorithms and Subroutines
[1.1.2]; and Part IV: User Reference Guide [1.1.3].

CCFM.VENTS adopts and consolidates many previously established zone-type fire
modeling ideas. As the discussion proceeds, this report will place the
resulting features of the model into the perspective of the relevant reference
sources.

1.2. Generic Features of the CCFM

Although the CCFM would be developed in stages, each stage would have certain
common generic features. These are identified below.

1.2.1. The Feature of Consolidation of Past/Future Advances in Compartment
Fire Modeling

The feature of consolidation means that during the CCFM development process

full advantage would be taken of the significant number of proven advances of
fire modeling research. While improvements and/or generalizations of

!Numbers in brackets always refer to the list of references at the end of
this report.



available products may be required, there should be no unnecessary duplication
of fundamentally sound and proven technology.

1.2.2. The Feature of Being Well-Documented

Quality documentation, which would be critical to user-friendliness of CCFM
products, must provide: details of the mathematical algorithms/submodels and
associated modular subroutines for the various physical phenomena simulated;
details of the numerics module(s) used to solve the governing set of the model
equations; Information on the structure of the overall code and the details of
any utility software subroutines used to manage code simulations; and a well-
written user guide which complements easy-to-use input and output software.

1.2.3. The Feature of Modularity: Code Can Receive Advanced/Improved
Submodels, Solver(s), and Input/Output Software

The feature of modularity would be critical to insuring the required orderly
and efficient future growth of and improvement to existing stages of CCFM
products. The use of well-defined modular elements in the CCFM would also be
critical for a successful team development effort. Indeed, by constructing
CCFM products with modular components having well-defined inputs and outputs,
a development-team effort that even involves significant inter-institution
participation would be possible.

1.2.4. The Feature of User-Friendliness

User-friendliness refers to the ability of people with a reasonably wide range
of technical background, other than the members of the CCFM development team,
to have ready access to CCFM products. Access here refers to the ability of a
serious user to: run any particular CCFM code application: modify the code as
required; and extract and use modular portions of the code for the user's own
particular needs. User-friendliness requires easy-to-use software which can
be run on generally accessible computer hardware and which is supported by
quality documentation.

1.2.5. The Feature of Flexibility - From Basic to "Reference" Modeling

Successively developed CCFM "applications" would lead to a capability for
simulating a particular fire scenario with more or fewer fire-generated
phenomena and with different levels and preferences of modeling
sophistication. Such a range of capability would result in different kinds of
user-flexibility. For example, a simulation which accounts for the complete
array of available phenomena and which is treated at the highest possible
level of modeling sophistication would be relatively costly, perhaps
unnecessarily so, in terms of required user and computer resources. If a user
does not require the maximum detail and sophistication, or is not prepared to
pay the costs, then simpler or more basic CCFM simulations would be available.



1.2.6. The Feature of Inter-Institution/International Participation and
Co-operation in the Development of the CCFM

There would be clear benefits to significant inter-institution and
international co-operation in the development of the CCFM. These would

include; the pooling of resources, the avoidance of unnecessary duplication of

effort, and the generation of consensus CCFM products which would maximize
appropriate proliferation and use. It is envisaged that such co-operation
would be implemented by a variety of mechanisms which are now being
identified.

1.3. Strategy for Achieving a Final Stage of CCFM Development

The strategy for developing the CCFM to its final stage includes the
following components:

. Develop the CCFM in stages.

. Each CCFM stage would culminate in a progressively more
sophisticated, well-documented, multi-room fire model computer
code.

° Staged products would involve progressive consolidation of

existing and developing fire modeling technology. As required,

appropriate further development and improvement of this technology

would be carried out.

. Development of a prototype/first stage CCFM product: CCFM.VENTS
(i.e., the Consolidated Compartment Fire Model application
designated as VENTS).

U Development of a second stage CCFM product (possible name
CCFM.BUILDING) with significant advances over CCFM.VENTS in

modeling of combustion, flow dynamics, and heat transfer; not yet

of "Reference quality."

. Anticipate final, "Reference" level of sophistication in CCFM by
third-to-fourth stage.

1.4. CCFM.VENTS: The Prototype/First Stage Application of the CCFM Concept

In terms of the above strategy, this documentation and the associated computer

software for CCFM.VENTS completes the prototype/first stage of CCFM
development.

The basic features of CCFM.VENTS include:
. multiple rooms/vents,
. concentrations of 0, and other products of combustion,

4



. high or low cross-vent pressure difference,

. forced ventilation via simple fan-duct systems - user can specify
flow rate or fan/duct characteristics,

. multiple, specified, time-dependent fires,

. simplest plume/heat transfer,

. stack effect,

. wind loading,

J robust solver,

. menu-driven user-friendly input,

. operation on computers that support FORTRAN 77, e.g., IBM-

compatible and Apple Mac II personal computers,

. complete modularity of all physical-phenomena algorithms and
associated subroutines,

. complete descriptions of all physical submodel algorithms
including a catalog of all algorithms and associated subroutines,

. complete description of the structure of the code and of all
associated computer software,

. user guide.

CCFM.VENTS uses a generic CCFM equation set that would be applicable for all
stages of the CCFM development process. This equation set will be presented
in Section 2.

A concise but complete description of the physical basis of all of the
physical modeling features included in CCFM.VENTS is presented in Section 3.
The material in this section constitutes the basis of the complete CCFM.VENTS-
specific equation set.

Section 4 describes the method of specifying a problem for a particular
CCFM.VENTS simulation. As will be seen, the varied means of specifying a
problem within the context of the CCFM.VENTS inputs lead to a capability for
the simulation of the phenomena of wind loading and stack effect.

This Part I presentation concludes with Section 6, which provides a summary
and overview of Parts II-IV of this report.



2. The Generic CCFM Equation Set
2.1. Model Assumptions and Some Definitions

The CCFM uses a two-layer zone-type description of the fire-generated
environment for all rooms of a facility. This means that the enviromment in
each room is assumed to be comprised of one or two relatively-quiescent
stratified zones which together fill essentially all of the room’s fixed
volume. These zones, depicted in Figure 2.1, include an elevated temperature
buoyant upper layer and a relatively cool lower layer.

It is of interest to note that there are a wide range of previously developed
compartment fire models which use a two-layer zone-type description of the
fire environment. These include: CIT [2.1.1], Harvard V [2.1.2], RFIRES
[2.1.3], ASET [2.1.4], Harvard VI {2.1.5], BRI [2.1.6], FAST [2.1.7],
NBS/Harvard VI (2.1.8], DSLAYV [2.1.9], FIRST [2.1.10], CIFI [2.1.11], and
MRFC [2.1.12]. While extensive, the latter list is not intended to be
exhaustive.

Both layers of a room are assumed to be spatially uniform in temperature,
density, and composition. During the course of a simulated fire scenario,
conservation of mass and chemical species are imposed on all layers of all
rooms of a modeled facility. By imposing conservation laws and specifying an
equation of state for the layers, assumed here to be consistent with a perfect
gas model for air, one is led to a generic set of model equations for the
instantaneous layer properties in an arbitrary room. The CCFM generic set is
derived in Appendix A and presented in Section 2.3. Except for variations in
nomenclature, choices of solution variables, and questions related to
treatment of pressure-work terms in the energy equation, there must be a
fundamental equivalence between the generic layer-equation sets of different
zone-models.

The properties of the layers change as a function of time by virtue of mass,
energy, and species transfers from relatively small-volume plumes, jets, near-
boundary flows, combustion zones, and other isolated or distributed sources.
The volumes of all of these small-volume zones are assumed to be negligible.
The number and types of phenomena occurring in these zones are critical to the
overall model. Indeed, the number of physical and chemical phenomena taken
into account, and the detail and sophistication with which such phenomena are
modeled actually distinguish one overall zone fire model from another or, in
the present case, one application of the CCFM generic equation set from
another. The model equations for all of the source and transfer zones are
designated as the submodels of the overall model. They must of course all be
internally consistent with conservation laws.

Without specifying the number or details of the submodels of a particular
version or application of the CCFM, the following definitions and designations
are useful generally for deriving and implementing the generic CCFM equation
set for a particular CCFM application:

My ; [M, ,] and B, Ui [?k,L’i] are the net rates of mass and product of
combustion k flowing to the upper [lower] layer of room i, respectively.
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Also, QU i [QL ;] 1s the net rate of enthalpy plus heat transfer plus energy
release flowing to the upper [lower] layer of room 1i.

Note that all of the above net flow rates represent the sum of transfers to
the layers from all above-mentioned plumes, jets, near-boundary flows,
combustion zones, and other isolated or distributed sources considered and
taken into account in any particular CCFM application.

2.2. Pressure in the Generic Layer Equations
The generic CCFM equations will take into account pressure-work terms in the
energy equation. In this regard, this section will clarify the use of

approximate representations of the pressure variable.

Define the dimensionless quantity

6 = rgly - /P (2.2.1)

where y is an arbitrary elevation within a room of interest above a datum
elevation, ¥ is an arbitrary fixed value of y within the room, p is the
density of the layer at y, g is the acceleration of gravity, and p(y) is
absolute pressure. In fire scenarios it is always true that

1§] << 1 (2.2.2)

The two-layer modeling assumption and Eq. (2.2.2) along with the momentum
equation, i.e., hydrostatics, and the perfect gas law lead to

P(y) = p(II[1 + 0(8)] = p(y) (2.2.3)

Note that although pressure differences within a room are negligible the
pressure differences between one room and another may not be negligible.

The Eq. (2.2.3) approximation, adopted implicitly in all two-layer zone
models, is also adopted here. In every room i, ¥ is taken to be the elevation
of the floor, YrLoor,: and p(y) is designated as PrLoor,i- Thus,

PrLooR, i = Py = YrLoor, i) for room i (2.2.4)

Eqs. (2.2.3) and (2.2.4) are used to estimate pressure-work terms in the
energy equation to a consistent level of accuracy when such terms are non-
negligible.



As will be discussed in Section 3.3, calculation of p(y) to determine flow
through vents due to cross-vent pressure differences will usually require
accurate estimates of the 0(§) term in Eq. (2.2.3). Therefore, when
calculating vent flows the approximation p(y) = p(y) of Eq. (2.2.3), used to
describe thermodynamic state variables, will not be applicable.

2.3. Generic Equation Set for An Overall Facility
2.3.1. The Generic Equation Set for An Arbitrary Room

Consider room i of a simulated facility. Define V, as the fixed volume of the

room and V; , as the instantaneous volume of its upper layer, i.e., V, - V; ,
is the volume of the lower layer. Also, consistent with the definitions in
Section 2.1, My ML ; and P u,i» Px, L, ; are defined as the total

instantaneous mass and amount of-product’ k in the upper and lower layers,
respectively.

Typical fire scenarios involve pg o0y, ; Values which vary relatively little
from a datum absolute pressure, pp,pyy- For example, if p,,,yy in a problem
is taken as the local atmospheric pressure at ground elevation of the order
of 10° pascals, then typical variations of the Prroor,i S from pp,pyy will
only be of the order of 10?2 pascals or less. For this reason, use of the
transformed pressure variable,

6PrLoor,:i = Prroor,i - Ppatum (2.3.1)

will lead typically to a higher level of accuracy in the computation of
PrLoor,i - The perturbation-pressure, 6pp qgop, ;. 1S adopted as a solution
variable in place of the pressure variable, Prroor,i- [Note that the § of Eq.
(2.3.1) is part of the single symbol §p, and should not be confused with the §
of Eqs. (2.2.1)-(2.2.3).]

In the Appendix, the generic CCFM equation set for an arbitrary room i has
been derived from application of the laws of conservation of mass, energy and
species. As mentioned, pressure-work terms are taken account of in the energy
equation. The equations are presented in terms of the solution variables

My,i» Mo 30 Pooy,s» P, sv Vy,i» and 6PpyooR, ;s -

For rooms i of a facility with horizontal cross-sectional areas, A, , which are
uniform with elevation, (e.g., for right cylindrical rooms), the solution

. variable Vy , can be replaced by the alternate solution variable y;,ypp ;. the
elevation of the interface separating the upper and lower layers.

The equations from the Appendix are reproduced below.



Mass in Upper and lower lLavers:

aMy /de = My (2.3.2)

J/de =1 (2.3.3)

where, consistent with the definitions in Section 2.1, the terms MU ; and M
on the right-hand side of Eqs. (2.3.2) and (2.3.3) each represent the sum of
individual mass flow rate contributions to the layers from all plumes, jets,
sources, etc. The terms Pk Ui Pk L, i and QU i QL ;» to be introduced
below, w1ll represent analogous product and enthalpy Flow rate contributions,
respectlvely

, i

Volume of Upper layver or Elevation of the Interface (For Rooms With Vertical
Walls):

avy ,/dt =
((7-1)/[7(6PFLOOR’1 + pDATUM)]}[(l - VU,i/Vi)QU,i - (vu'i/vi)QL,i]

(2.3.4)
where
vy = Cp/Cv =1+ R/C, (2.3.5)

and where C, and C, are the specific heats at constant pressure and volume
respectively, R is the gas constant. All of these properties are
approximateed by those of air.

’

For rooms with vertical walls, Eq. (2.3.4) can be replaced by

dY ayer, /4t = [(v- 1)/(7pFL00R iV ][(yCEILING i " yLAYER,i)QL,i -
(Yraver,i - Yrroor, i), 1]

(2.3.4")

where Yeerring,i aNd Yrpoor,; are the fixed elevations of the ceiling and
floor of room i, respectlvely



Perturbation Pressure at the Floor:

déPrrooR, 1 /9t = [(7‘1)/Vi](Qu,i + QL,i) (2.3.6)

Amount of Product k in Upper and Lower Layers:

dPy y,;/dt = Py 4 . (2.3.7)
dPy o, ;/dt = Pk,L,i : (2.3.8)
Equation of State:

6Prroor,1 * Ppatum ~ Pu,:Ty,:R = oy ;T ;R (2.3.9)

Layer Densities, Temperatures, and Concentrations of Products:

py 3 and p; ,, the densities of the upper and lower layer, respectively are
computed according to their definitions from the solution variables M; ,,
M, ;, and Vy .

Py, i =My /Yy (2.3.10)

Pr,i =My /(Y - Yy ) (2.3.11)
where

Vi = A; (Yeerrine,i - YrLooR, 1) (2.3.12)

Vo,i = A (Yegrrine,i - Yravewr,i) (2.3.13)

With the above values of the densities, the absolute temperatures of the upper
and lower layer, T; ;, and T, ,, respectively are then computed from the
solution variable Prroor ; using Eq. (2.3.9).
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Ty, s = (6Prroor,: * Ppartum)/(py, ;iR) (2.3.14)

L. i = (6Prroor,: * Pparum)/(pL iR) (2.3.15)

Finally, ¢, y ;, ¢ . ;. the concentrations of product of combustion k in the
upper and lower layer, respectively are computed from the solution variables
according to their definitions.

Cxou,i = Py, i /My (2.3.16)

C,1,i = Peon, /My ) (2.3.17)

The final set of generic equations for the solution variables is Egs. (2.3.2)-
(2.3.8). Evaluation of the terms MU i ML'l, Pk UL i Pk Lo QU ;» and QL
which appear on the right sides of these equations will be discussed in the
next section. The derived variables, Py, i» PL i TU i TL,;) Ce u, i and

Cy L ;» are computed from the solution varlables by using Eqs. (2.3.10)-
(2.3.17).

2.3.2. Forming the Equation Set for the Facility

To use the CCFM to simulate a fire scenario it is generally necessary to solve
simultaneously the complete equation set for all solution variables, described
in Section 2.3.1, for each room, i, of the facility. In such an equation set,
the equations for the solution variables My 5o ML,x’ VU ; (or YLAYER, i for
rooms i with vertical walls), 6PrLooOR, i w111 always be coupled (i.e., the
variables appear implicitly or explicitly in equations other than thelr own) ,
while the equations for the P, UL i and Pk L iv k =1 to Nyp,, may be
uncoupled (i.e., the varlables do not appear 1mp11c1t1y or explicitly in any
equation other than their own). Thus, if the number of rooms in a simulated
facility is Ny,gy, the number of coupled solution equations in the overall
differential equation set will be between &4 ‘Npooy and (4 + Nppop) ‘Npgow -  (In
the present context, 0, would be considered as one of the Npzop Products of
combustion.) As w111 be seen, in the present CCFM application code,
CCFM.VENTS, the differential equations for the Py v,i» and P, | ; are always
uncoupled and the number of coupled differential equatlons is 4-Npgou-
For CCFM.VENTS, the generic equations are implemented with the assumption that
all rooms of a modeled facility are right cylinders, i.e., Egs. (2.3.12) and
(2.3.13), with elevation-independent A, , are applicable and Eq. (2.3.4') is
used instead of Eq. (2.3.4). .

The generic equation set for the fire environment describes explicitly the
state of the two gas/smoke layers in each room of the facility. Heat and mass
transfer exchanges between the surfaces of the solid partition elements of the
rooms and the gas layers are included implicitly in the terms M Ui ML'l,

Pk Ui Pk L,i» Q, i, and QL which appear on the right-hand sides of the
Varlous components of this equatlon set. In any particular CCFM application,
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a treatment of these terms would include any required analysis of the
diffusion of heat and mass through solids. In CCFM.VENTS, heat and mass
diffusion phenomena are not treated explicitly and such analysis is not
required. To explicitly include these diffusion phenomena an enriched
structure of the generic equation set could be appropriate.

2.4, The Equation Set for a Specific CCFM Application

One establishes a specific application of the generic CCFM equations by
identifying explicitly the algorithms used to calculate the terms My 5 ML
Py v, i Pk,L'i, Q,;» and Q ; which appear on their right-hand sides. As
mentioned in Section 2.1, the actual phenomena included in a simulation and
the detail and sophistication with which they are modeled would distinguish
one application of the CCFM generic equation set from another. The remainder
of this work provides the details of the first-stage CCFM application,
CCFM.VENTS.

» i

The next section identifies and presents the algorithms for all the phenomena
taken into account in CCFM.VENTS.
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3. The CCFM.VENTS-Specific Equation Set: Submodel Algorithms
3.1. The Layers’ Sources of Mass, Enthalpy, and Products of Combustion

In CCFM.VENTS it is assumed that there are three basic phenomena which can
lead to contributions to the rates of flow of mass, enthalpy and products of
combustion to the upper and lower layers of the rooms of a facility, namely,
(1) a fire and its plume; (2) natural flows through vertical vents driven by
room-to-room cross-vent hydrostatic pressure differences; and (3) forced-
ventilation flows between pairs of rooms connected by fan/duct systems.
Algorithms used to model these phenomena in CCFM.VENTS are described in detail
in Sections 3.2, 3.3, and 3.4, respectively.

3.2. Plume and Heat Transfer in Rooms of Fire Origin
3.2.1. Some Basic Assumptions

Consider one of the rooms of the facility which contains a fire. This is
illustrated in Figure 3.2.1. Figure 3.2.2 depicts the fire and its plume for
all possible configurations during the two-layer simulation of the fire
environment. Section 3.2 describes an algorithm for estimating the rates of
exchange and addition of mass, enthalpy, oxygen, and other products of
combustion between and to the two layers. The exchanges considered here are
those which are the result of direct action of the fire/plume dynamics. The
algorithm is based on the model of reference [3.2.1] for the upward mass flow
rate in a buoyant point-source-driven plume. It is the same as the algorithm
used in the one-room fire model, ASET [2.1.4]. Thus, it is assumed that the
energy and all products of combustion released by the fire are deposited in
the room by means of a small volume source. This is modeled as a point
source.

The total energy-release rate of the fire, Q, is specified. It is assumed
that the combustion zone and the plume radiate from the source at an effective
rate X;Q, where ); is specified; thus

Qsource = (1 - 2:)Q . (3.2.1)

is the part of the fire'’s energy-release-rate which drives the convective
buoyant fire plume upward.

Flaming fires exhibit M;’'s in the range 0 < A < 0.6, e.g., smaller values for
smaller methane fires and higher values for large polystyrene fires. However,
for hazardous fires over a wide range of energy release rate and involving a
wide range of common groupings of combustibles, it is reasonable to
approximate flame radiation by choosing Ag = 0.35 [2.1.4]. This is taken as
the default value in CCFM.VENTS.

The fire is assumed to be a source of oxygen and of (Npgop - 1) other user-
specified products of combustion which are taken account of in the simulation.
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Following the rule of reference [3.2.2], which is useful for most fuels
commonly encountered in fires, it is assumed that the rate of 0, generation in

the oxidation process, Py, goyrcy: 1S negative (i.e., oxygen is consumed) and
directly proportional to Q.

rate of 0, generation = Poz,souacs = ?1,souncs = -F-Q (3.2.2)

where
F =0.076(10"%) (kg of 0,)/J (3.2.3)

It is assumed that the other products of combustion are generated at specified
rates.Pk,souncz» k = 2 to Nypop [(unit of product k)/s]. Typically, the rate
at which fuel mass is introduced to the combustion process is negligible
compared to other characteristic mass flow rates of interest in the
simulation, and this is assumed to be the case here.

If the lower layer is of non-zero thickness and if the fire is in the lower
layer, then it is assumed that a complete description of the lower-layer room
environment at the instant of interest is known. This includes the density,
absolute temperature, concentration of 0, [(kg of 0,)/(kg layer)], and
concentrations of the other (Nyz,, - 1) products of combustion [(unit of
product k)/(kg layer)]. These are designated by p,, T, Coz, L = C1 1> and

Cp Lo k = 2 to Nppqop, respectively. The O, and other product concentrations
would be required only when these concentrations were actually being
predicted.

The ideal gas relationship for air is assumed to be valid for the entire room
environment.

The elevation of the interface separating the upper and lower layers is
Yiaver- The fire is located at elevation yp;pp, which is assumed to be
between or at the elevation of the room’s floor and ceiling, yp;oor and Ycgrp s
respectively. Consistent with the idealized point-source plume model of
[3.2.1], it is appropriate to choose yp;py as the lowest elevation above the
base of the combustion zone where relatively free, unrestricted, lateral
entrainment of the local gas into the combustion zone or plume is possible.

Note that all elevations are relative to the same datum elevation.
It is assumed that the total fraction of Q which is lost to the bounding

surfaces of the room by all modes of heat transfer is given by ATQ, where X\,
is specified. The remaining portion of Q is QpgraL, i-e-,

QTOTAL = (1 - AT)Q (3.2.4)
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This is assumed to be deposited entirely in the upper layer (except for the
special Configurations 3 and 6, Figure 3.2.2, to be discussed below). When
the fire is in the upper layer this is all added to the upper layer directly
and there is no other enthalpy flow due to the fire. When the fire is in the
lower layer, the net rate of enthalpy flow into the upper layer due to the
fire is QTOTAL plus the rate of enthalpy flow associated with the gases
entrained into the plume from the lower layer and deposited by the plume into
the upper layer

Some limited guidance on the choice of A, in the range 0.6 < Ap < 0.9 is
provided in reference[2.1.4]. The default value of Ay 1s taken to be 0.8 in
CCFM.VENTS.

The algorithm assumes no gas-to-room-surface losses of products of combustion.
The fire-driven exchange and addition of mass, enthalpy, and products of
combustion between and to the two layers can depend on the strength of the
fire plume and on the relative elevations of fire and interface and interface
and ceiling. At any instant, a fire scenario can fall into any one of the six
configurations shown in Figure 3.2.2. The flows for each of these
configurations are discussed below.

3.2.2. Fire in the Lower Layer

3.2.2.1. Interface Below the Ceiling

Configuration 1:

This configuration satisfies

Yiaver - Yrire = 2 > 0 and yeprp > Yyayes (3.2.5)

and is depicted in Figure 3.2.2a.

Following reference [3.2.1], the mass flow rate in the plume as it penetrates
the layer interface and enters the upper layer is estimated to be

Mpruyme = 0-21PL(8?)1/222Q*1/3 (3.2.6)

Q" - QSOURCE/[pLTLCpgl/ZZS/Z] (3.2.7)

where C, is the specific heat of air at constant pressure, assumed to be
constant, and g is the acceleration of gravity.
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MPLUME is modeled as being identical to the flow extracted by plume
entrainment from the lower layer. Accordingly, the fire plume leads to the
following contributions to the total rates of flow to the lower-layer of mass,
M; ; enthalpy, QL, molecular oxygen, P02 L= P1 L; and other products of
combustion, Pk L» k=2 to Nypop:

ML = - rJIPLUME (3.2.8)
QL = - MPLUME'Cp'TL (3.2.9)
POZ,L = - c02,L'MPLUME (3.2.10)
Pk,L = - Ck,L’MPLUME’ k = 2 to Npgpgp (3.2.11)

At the interface, all of the mass, enthalpy, and products of combustion
flowing in the plume, both from generation in the fire and from plume
entrainment, are deposited into the upper layer. Accordingly, the fire and
its plume leads to the following contributions to the total rates of flow to
the upper-layer of mass, M;; enthalpy, Qy; molecular oxygen, P02 v = Pl ys and
other products of combustion, Pk vt

MU = &PLUME (3.2.12)
Q = ﬁPLUME'Cp'TL + QroraL (3.2.13)
E.'oz,u = cOZ,L'MPLUME - F-Q (3.2.14)
Po,u = S, . Mprume + Po sourcer K = 2 to Nppop (3.2.15)

3.2.2.2. Interface at Ceiling, Zero-Thickness Upper Layer

This configuration is associated with an instant of time during the fire
scenario when the upper layer has not yet formed or when a previously-
developed upper layer has been reduced to one of zero thickness. At such a
time it is important to determine, within the context of the overall two-layer
zone-type approximation, whether the characteristic temperature of the plume
at the ceiling above the lower-layer temperature is large enough to initiate
the growth of a coherent stratified upper layer. If so, then it would be
reasonable to carry out all flow-exchange calculations as in Configuration 1.
This would lead to the initiation of upper-layer growth. If the
characteristic temperature rise of the plume is smaller than some specified
value, ATgpg, then it is reasonable to assume that all of the plume flow is
mixed back into the fuli-room-height lower layer. Under such a circumstance,
no mass, enthalpy, or products in the plume flow would be available to
initiate growth of an upper layer.
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An appropriate specification of ATy, would depend on the fire scenario being
simulated. For example, pre-ignition stratification of a room, by whatever
means (e.g., due to solar heating effects), can establish near-ceiling
temperatures which are several degrees K above the average room temperature.
With such an initial environment it is inappropriate to suggest that the
environment as modified by the fire can be described usefully by a two-layer
model, unless the difference between the predicted upper and lower layer
temperatures is greater than the characteristic temperature difference of the
pre-ignition stratified environment. For example, if the pre-ignition
temperature difference is estimated to be 5-10 K, then it may be reasonable to
choose AT .5 as, e.g., 10-20 K.

In general, it is inappropriate to take seriously a two-layer description of
room fire environment unless the difference in temperature between the layers
is at least of the order, of 1 K.

The AT;,5-type of temperature-rise criterion for initiation of an upper layer
is adopted here, where the value of ATgpg in CCFM.VENTS is taken to be 1 K.
The characteristic plume temperature, Tprymg» 1s taken to be the average

temperature of the plume gases at the ceiling elevation, and the
characteristic temperature rise, ATy  ymg» used in the criterion is found from

ATpryme = [Tpryme - Tl = Qsouncz/(cp’MPLUME) (3.2.16)
where Qsouncn and MPLUME are calculated in Egqs. (3.2.1), (3.2.6) and (3.2.7).
Configuration 2: Relatively Strong Plume Initiates Upper Layer Growth

This configuration satisfies

Yuaver " Yrire = 2 > 0 and yopyp = Yiaver (3.2.17)

ATy ume 2 ATpps (3.2.18)

and is depicted in Figure 3.2.2b.

The condition of Eq. (3.2.18) indicates that the plume at the ceiling is
relatively strong. It is therefore assumed that growth of an upper layer will
be initiated. Under these circumstances, all flow-exchange calculations are
carried out as in Egqs. (3.2.8)-(3.2.15) of Configuration 1.
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Configuration 3: Relatively Weak Plume Does Not Initiate Upper Layer Growth

This configuration satisfies

Yiaver - Yrire = 2 > 0 and yegprr = Yiaver (3.2.19)

ATy yme < ATgps (3.2.20)

and is depicted in Figure 3.2.2¢c.

The condition of Eq. (3.2.20) indicates that the plume at the ceiling is
relatively weak. It is therefore assumed that growth of an upper layer is not’
initiated as a result of fire-generated flows. Under these circumstances, the
fire simply deposits its products into the lower layer. This leads to the
following contributions to the rates of change of mass, enthalpy, and products
in the upper and lower layers

M =My =Py, y =B gy =Q =0, k=2 to Nypqp (3.2.21)
Q - QoraL (3.2.22)
Poz,p = - F-Q (3.2.23)
P, 1 =P source: K =2 to Nppop (3.2.24)

3.2.3. Fire in Upper Layer

Configuration &4:

This configuration satisfies

Yiaver - Yrire = 2 <0 (3.2.25)

and is depicted in Figure 3.2.2d.

As indicated in the figure, although a fire plume will be formed in the upper
layer it is assumed that the plume does not lead to any exchanges of mass and
products between the layers. The fire simply deposits its products into the
upper layer. This leads to the following contributions to the rates of change
of mass, enthalpy, and products in the upper and lower layers
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M =My =Py, , =P, =Q =0, k=2 to Nygqp (3.2.26)

QU = QTOTAL (3.2.27)
Poz,y = - F-Q (3.2.28)
Py v = P¢ source: kK = 2 to Nppgp (3.2.29)

3.2.4. Fire at the Layer Interface

During the course of a simulation it is possible that the elevations of the
fire and layer interface coincide exactly. When this occurs, y,,yrr - YriRE
Z = 0 and, according to Egs. (3.2.6) and (3.2.7), Mpiymg = 0. Two subcases of
this configuration have to be considered.

3.2.4.1. Fire Below the Ceiling

Configuration 5:

This configuration satisfies

Yiaver - Yrire = Z = 0 and ypipr < Yepirine (3.2.30)

and is depicted in Figure 3.2.2e.

This is the case where there is a non-zero upper layer and the elevation of
the fire and of the interface are identical.

From Eqgs. (3.2.6) and (3.2.7) ﬁPLUME = 0. Then the flow contributions
predicted by the equations of Configurations 1 [Eqs. (3.2.8)-(3.2.15)] and 4
[Eqs. (3.2.26)-(3.2.29)] are identical and either set is applicable.

3.2.4.2. Fire at the Ceiling

Configuration 6:

This configuration satisfies

Yiaver - Yrire = 2 = 0 and Ypige = Yerrrine (3.2.31)
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and is depicted in Figure 3.2.2f.

This is the case where there is a zero upper layer and the elevations of the
fire, the interface, and the ceiling are all identical. Under these
circumstances and for the plume model adopted here, no plume exists to entrain
mass from the lower layer and to initiate growth of an upper layer. It is
therefore assumed that, as in Configuration 3, growth of an upper layer will
not be initiated as a result of fire-generated flows and that the fire simply
deposits its products into the lower layer. This leads to contributions to
the rates of change of mass, enthalpy, and products in the upper and lower
layers which are identical to those prescribed in Eqs. (3.2.21)-(3.2.24).

3.2.5. The Algorithm PLUGO and Its Associated Subroutine

The algorithm described above in Sections 3.2.1 - 3.2.4 for calculating fire-
plume-generated flows and heat transfer has been named PLUGO. A concise
presentation of PLUGO and its associated FORTRAN subroutine appears in Part
III [1.1.2] of this work.

3.3. Natural Vent Flows and Heat Transfer
3.3.1. Three Stages of the Calculation

Consider a pair of adjacent rooms of a facility involved a fire scenario.

Room pairs considered here are those which have a common vertical wall segment
with an arbitrary, non-zero number of penetrations, referred to here as vents.
Described in Section 3.3 is an algorithm for estimating the rates of exchange
of mass, enthalpy, oxygen, and other products of combustion through the vents
and between the layers of the two rooms. The exchanges considered here are
the result of vent flows driven only by room-to-room cross-vent hydrostatic
pressure differences. Only rectangular vents with horizontal and vertical
boundaries are considered.

At any instant, the complete vent-flow calculation is carried out in three
stages. In the first stage, all parameters are established for a calculation
of the room-to-room hydrostatic pressure difference at an arbitrary elevation
of the common-wall segment. This pressure difference drives the room-to-room
vent flows to be studied here. In the second and third stages of the
calculation, the individual vents in the wall segment are considered one by
one. The second stage determines all characteristics of any particular vent
flow. As will be discussed below, such a flow can involve from one to six,
contiguous, horizontal slabs of uniform-property, unidirectional flows. For
each such slab, the third stage determines the portion of the flow going to
each of the two receiving-room layers and the rate of extraction from its
single source-room layer.

The natural vent flow and heat transfer model described in Section 3.3 is

based on a consolidation of and extensions to ideas presented in references
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(2.1.1], [2.1.2], [2.1.4], and [3.3.1-3.3.5). These references will be
identified at appropriate places in the text. It should also be noted that
the basic ideas used here for calculating vent flow rates under typical
conditions of relatively low cross-vent pressure difference have also been
used in all vent flow calculations of the models of references [2.1.1-2.1.12].

3.3.2. Specification of Geometry and Fire Environment of the Room Pair

Designate two adjacent rooms of interest as rooms 1 and 2, and refer to Figure
3.3.1. The index i will be used below to indicate physical characteristics
and layer properties of room i, i = 1 or 2.

The geometric characteristics of the two rooms required for the present
calculation are the elevations of their floors and ceilings, Yrroor ; &nd
Yegr1L i, respectively.

In each room the instantaneous states of the layers are specified by the
elevation of the interfaces, YLaveERr, i Separating the upper and lower layers
and by the properties of the layers, Py,i» Pr. i Tu’i, TL’i, Coz,u,i» 02,11
Cp oy, i and Cy L.i> k=2 to Norop: as deflned in Section 2.

At instants of time when there is no upper layer [lower layer], i.e., when
Yiaver,i = YeErL, [YLaver,: = Yrroowr, i) uPPer-layer [lower-layer] properties
are not used in the calculation. Also as in Section 3.2, 0, and other
product concentrations would be requlred only when the SLmulatlon under
consideration is actually being used to predict these concentrations.

The final specifications of the environment are the 5PFL00R for the two
rooms. As defined in Eq. (2.3.1), these are the dlfferences between the
absolute hydrostatic pressures at the floor of each room and some fixed,
absolute, hydrostatic datum pressure, Ppatym- As discussed in Section 2.3.1,
the 6Prroor,; are the solution pressure variables used in the basic equation
set for room i.

One of the two rooms connected by a vent can be an outside-environment space
or "room." Local to any single outside-exposed vent, the hydrostatic pressure
in the outside space is computed in the same way as in the inside room. In
the outside space, however, the vent is always submerged by a "lower layer" of
unlimited extent and of uniform, specified properties analogous to Prois Tp 5o
Coz,L,i» and the ¢, | ,, i.e., the layer-interface elevation, YLAYER, i° for
the outside space or "room" is 1ndef1n1tely large. In order to fix the
pressure calculation in the outside space, a reference outside-space
elevation, analogous to YFLOOR, i for the inside rooms, and a pressure at this
reference elevation, analogous to §pFLOOR,i for the inside rooms, must be
specified.

In the discussion to follow, when one of the facility "rooms" is an outside

space, room variables identified should be substituted by analogous variables
of the outside space.
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As in Section 3.2, in Section 3.3 all elevations are relative to the same
datum elevation.

3.3.3. First Stage of the Calculation: Parameters to Determine the Cross-Vent
Pressure Difference at an Arbitrary Elevation of the Common-wall Segment

At an arbitrary elevation, y, in one of the rooms, p,(y) is calculated from

Pi (¥) = 8Prroor,: + 8Pi(¥) + Pparum (3.3.1)

where ép, (y), the difference between the absolute hydrostatic pressure at y
and at yp;oog,; 1S obtained from hydrostatics to be

- pL,:18(Y - YrLoor,i) YrLoor,i =Y = YLAYER,i:

6p; (¥) = 9 (3.3.2)

- P, 18(YLavEr, 1 - YrLoor,1) = Pu,i8(Y - Yiaver, i)

Yraver,i <Y = YcEIL, i

and where g is the acceleration of gravity.

In general, the above distributions, ép, (y), would involve two linear
functions of elevation for each of the two rooms. This is depicted at the top
of Figure 3.3.2. One function describes ép, (y) in the lower layer, from the
floor of the room to the interface, and the other in the upper layer, from the
interface to the ceiling. At the interface, §p,; (y) is continuous, but its
slope is discontinuous.

At a given y of the common-wall segment, the difference between the pressures
in the two rooms, Ap, ,, is defined by

Ap; , = p(¥) - P (¥) (3.3.3)

Using Egqs. (2.3.1), (3.3.1)-(3.3.3), it is found that Ap, , can be calculated
from .

APy, 2 = (PrrLoor,1 - 6Prroor,2) *+ [6P1(¥) - 6P, (W], (3.3.4)

Yurn = maX(Yrroor, 1+ Yrroor,2) =Y S min(Y¥egrr, 1 Yerrr,2) = Ymax
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Note that Eq. (3.3.4) is only valid at elevations at or between the lower- and
upper-elevation limits of the common-wall segment, y,;y and Yy,x.,
respectively.

The Eq. (3.3.4)-formulation for calculating Ap, , reveals the benefit of using
the relative pressure, 6Prroor, i instead of the absolute pressure, p,; (y =
yFLOOR,i), as the solution pressure variable in the basic equation set
discussed in Section 2. 1If p,(y = Yp1o0g,;) Was used, then Ap, , would have
to be calculated directly from Eq. (3.3. 3) This would involve the difference
of the two absolute pressures, p,(y = Yrroor, 1) and P, (¥ = Yproor,2). Since
it would be typical for these two values to be identical to each other to
within four or five significant figures, there would be a corresponding loss
in the number of significant figures in the computed value of Ap, ,, i.e., as
mentioned earlier, absolute pressures are typically of the order of 100,000
pascals while pressure differences throughout entire facilities are typlcally
of the order of a few or, at most, several tens of pascals. This would, in
turn, lead to an unnecessary loss in accuracy in the vent-flow rates, to be
determined below from Ap; ,. By using 6PrLoor,: as the solution pressure
variable and by 1ntroduc1ng an appropriate value for pparym in Eq. (3.3.1),
the significant figures which would be lost when calculating Ap; , from Eq.
(3.3.3) is regained by calculating it from Eq. (3.3.4).

The bracketed term of Eq. (3.3.4) involves the difference of the two ép; (¥)
functions where each one involves up to two linear segments continuous in the
interval yy;y = ¥ = yyax- Therefore, Ap, , is also continuous in this
interval and is made up of from one to three linear segments. The vertical
bounds of these segments involve a minimum of two and a maximum of four
discrete elevations: y,.y at the bottom, Yuax: at the top, and, if they lie in
between, either or both of the Yiaver,i- 1t 1s a simple matter to calculate
from Eq. (3.3.4) the value of Ap, , whlch corresponds to each of these Nyg;py
wall elevations, where 2 < Nyp oy < 4. Assuming that this is done, the unique
set of points, [y, Ap, 2(yg)], N =1 to Nygr gy, which define the Ap1 2
segments is then ordered according to monotonically increasing y,.

In general, each of the one to three linear segments of Ap, , can have a slope
of arbitrary magnitude and sign. For this reason, it is possible for each to
have a zero Ap, , value inside its vertical y-range of applicability. For any
particular segment, it is a simple matter to determine if such a zero exists.
This could be done, for example, by establishing whether or not the now-known
Ap; , values at the segment endpoints are both non-zero and of different sign.
If it is determined that a segment has an elevation where Ap; , = 0, then this
elevation is calculated and, together with its corresponding Apl , = 0 value,
it is sorted into the previous [yy, Ap; ,(yy)] set. After all zeros have been
determined, the resulting [y, Ap, 2(yN)] set would involve Ny, yy PoOints,
where Nyg; .y now satisfies 2 < NWELEV < 7.

The final Ny;, ;v set of points identifies end-points of one to six, uniform-
sign, contiguous segments of Ap; ,. These segments are linear in y and they
determine completely the distribution of Ap, , which is continuous across the
entire common-wall segment.

23



Figure 3.3.2 illustrates possible Ap; , distributions with from one to six

segments and with corresponding endpoints [yy, Ap; ,(¥y)], 1 <= N < Nyprpy = 2
to 7. '

3.3.4. Second Stage of the Calculation: Characteristics of a Vent Flow
3.3.4.1. The Uniform-Property Flow Slabs

Consider an arbitrary vent in the above common-wall segment. Its width and
upper and lower bounds are specified as b, yy;,p and yygor, respectively,
where Yyrop - Yypor > 0. The cross-vent Ap, , distribution is that portion of
the Ap; , distribution for the common-wall segment, given by Eq. (3.3.4),
which lies in the interval yyzor < ¥ =< Yyrop-

To obtain the end-points of the Ap, , distribution for the vent: use Eq.
(3.3.4) to calculate the two Ap, ,’'s corresponding to yyzoy and yypgp, SOYt
the resulting two [y, Ap, ,] points into the [yy, Ap, ,(yy)] set for the
entire common-wall segment, and eliminate any points of the resulting set
having yy =< yygor @nd Yy = Yypop- Non-unique points of the set are also
eliminated, e.g., if Yyzor = ¥YrrLoor. 1- The resulting set of vent elevations
would have Nyp,;y points, where Ny;,;, satisfies 2 < Ny, vy < 7.

The final Nyg;gy Points identify end-points of one to six, uniform-sign,
contiguous segments of Ap, , which determine the distribution of Ap, , across
the vent.

At a given y, the direction and rate at which flow is driven through the vent
is determined locally by the sign and magnitude of Ap, ,. If Ap; , > 0 for a
given segment of the Apl,2 distribution, then, throughout this segment, the
flow will be from room 1 to room 2 and the source of the flow will be one of
the one or two uniform-property layers of room 1. If Ap, , < 0 in the
segment, then the flow is reversed and its source will be one of the one or
two layers of room 2. The uniform-property flow corresponding to a single
Ap, , segment is referred to here as a flow slab.

For a generic vent, Figure 3.3.3 illustrates possible Ap, , distributions with
from one to six segments and Nyg,;y corresponding endpoints. In the figure,
the direction of the flow-slab velocity, corresponding to each Ap, , segment,
and actual velocity distributions are indicated by arrows.

3.3.4.2. Mass Flow Rate in the Flow Slab

Number the flow slabs through a vent from the lowest (N = 1) to the highest (N
= Ngrag = Nygrgv - 1 = 6). Then, according to the above-implemented sorting
procedure the bottom and top elevation of an arbitrary slab, N, will be yy and
Yx+1+ respectively. Attention here is confined to tne problem of estimating
the rate of cross-vent flow in slab N.

Between yy, and yy,,;, the direction of the flow in the slab and the uniform
density, temperature, and concentrations of products of combustion of the flow
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upstream of the vent are fixed. Also, throughout the depth of the slab, P1
P, and Ap, , are each linear in y. Ap; , can be zero at the bottom or top of
a slab, and it can be identically zero, i.e., a slab with zero cross-vent
flow, but Ap; , cannot change signs in the slab.

Identify the flow direction of the slab by I ;; = 1, 0, or -1, according to
whether the flow is from room 1 to room 2 (Ap1 2 > 0 in the slab), =zero
(Ap1 , = 0 in the slab), or room 2 to room 1 (Ap1 5 < 0 in the slab),
respectively. If the flow in the slab is zero then no further consideration
is required. Therefore, assume that the arbitrary slab under consideration
has a non-zero flow.

With complete generality, assume that the flow in the slab is from room 1 to
room 2. (If the flow is actually from room 2 to room 1, then re-number for
now the pair of rooms under consideration.) Also, designate the properties of
the slab’s room-1 source layer with the subscript 1, i.e., the density,
temperature, oxygen and product k concentrations are Py Ty, Coz 1. and Cy 1.
respectively.

Define Ap and Ap according to

Lp = py - p, (3.3.5)

Ap(y) = 8p; ,(¥) = py(¥) - P, (y) =20 \ (3.3.6)

where p, and p, are the uniform densities in rooms 1 and 2, respectively, at
the height of the slab. (Recall that while Eq. (3.3.6) is similar to Eq.
(3.3.3), the rooms have been re-numbered so that the inequality of Eq. (3.3.6)
is valid.) Define Apy, py and APy+1, Py+1 as the previously obtained values
of Ap, p; at y = yy and yy,,, respectively. Define also

1-x(y) 20

e(y) ap(y)/p, (¥)

(3.3.7)

x(y) P2 (¥) /P, (¥) 1 - e(y)

In typical compartment fire scenarios, cross-vent pressure differences, which
are relatively small (compared to p;) and lead to relatively low-speed flow
velocities (compard to the speed of sound), satisfy

0 < Ap/p; = e€(y) << 1 for "typical" compartment fires (3.3.8)

Fire scenarios involving flow slabs with relatively large cross-vent pressures
and associated high-speed flow veloc1t1es will have €¢'s which do not satisfy
Eq. (3.3.8). Such moderate-size e’s will lead to single-slab vent flows of
the type depicted in Figure 3.3.3(a). The Ap distributions for such moderate-
¢ flows will satisfy |Apy - Apy,, |/min(apy, Apy,,) << 1.
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Define ¥ as the elevation of the middle of the slab, and & as the value of ¢
at y , i.e.,

(¥ + Yn+1)/2

«
]

(3.3.9)

me
[

e(y = ?) =] - 5{ = (ApN + APN.,.]_)/(pn + pN+1)

Assuming isentropic flow and adopting the traditional approximation that the
thermodynamic state of the gas flowing through the vent varies, at a given vy,
only in the streamwise direction, the total rate of mass flow in the slab,

Mg ap» can be estimated from (see reference [3.3.1])

b;Isr.ms = bca[(8P1)1/2/3J(Yn+1 - Yy

(Clapy| + 18pyAPy+q |12 + |8pyeq 1D/ C10PY 1Y/ 2 + APy, |*/2)]

(3.3.10)
where
Womw® =w(l -3 ; Cm=CE =C(1 -7 (3.3.11)
and where w and C are given by
w(x) = £(x)/[2(1 - x)]!/2 (3.3.12)

((2v/(y - ]_)]xz/"l[]_ - x(7'1)/7]}1/2 for x = [2/(y + 1)]7/(7-1)

f(x) =
(v[2/(y + 1)+ /1 r-1031/2  for x < [2/(y + 1)]7/ ¢~ D)
(3.3.13)
C(x) = 0.68x + 0.85(1 - x) = 0.85 - 0.17x ; 0 =x =<1 (3.3.14)

In Eq. (3.3.13), v, the ratio of specific heats of the flowing gas, taken to
have the properties of air, is 1.40.

In the above, C is a flow coefficient which depends generally on Reynolds
number and x. For perfectly isentropic flow, C = 1. For real nozzles, C can
be very close to 1, of the order of 0.99, for large "pipe" Reynolds number
flows of 10° or more [3.3.2, p.99]. For sharp-edged orifices, C = C(x) and is
approximately linear with x, ranging from 0.68 at x = 1 to 0.85 at x = 0.
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From Eq. (3.3.7) it is clear that a scenario where the pressure ratio x is
close to O corresponds to a situation where the absolute pressure in room 1 is
several times greater than that in room 2. This is well below the value x =
0.528, required to initiate choked flow through the vent. For orifice-like
openings typical of vents in compartment fires, x is close to 1 and C = 0.68
[3.3.3]. It is reasonable to approximate C(x) by Eq. (3.3.14) unless a more
precise description of C is known for some particular vent configuration of
interest.

The following expansion is useful when computing w for small e

lim w(x) = lim w(l - €) =1 - [3/(4y)]e + 0(e?) (3.3.15)
x-1 =0

When ¢ =1 - X =0, i.e., C = Cincompresstarg and w = 1, Eq. (3.3.10) is
identical to the small-cross-vent-pressure-difference flow equation presented
in references [3.3.3] and [2.1.2]. 1In this form it is also equivalent to the
flow calculations described in [3.3.4] and in most of the models of [2.1.1]-
(2.1.12]. Thus, a simple interpretation of Eq. (3.3.10) is that when
compressibility effects are arbitrarily strong or weak, the compartment fire-
generated flow rate of a slab of flow, originating from a uniform stagnation
source and passing through a constant-width vertical vent, can be computed by
ignoring elevation-related differences of compressibility in the slab and by
using the characteristic mass flux for compressible nozzle/orifice flow which
corresponds to the mid-slab cross-vent pressure difference.

3.3.4.3. Other Flow Rates of the Flow Slab

With MSLAB from Eq. (3.3.10), and with the known values of T,, Coz, 1 and

Cy 1 the rates of flow of enthalpy, oxygen, and product of combustion k in
the slab, which are designated by Qsras POZ,SLAB’ and Pk’SLAB, respectively,
are obtained from

QsLas = MSLAB'cp'Tl (3.3.16)
Pos,sLas = Mspaz"Co2,1 (3.3.17)
Py, stas = Mspas S 1 (3.3.18)

These flows come from the source layer in room 1. Subsequent to the slab flow
entry to room 2, these flows are divided and deposited into the two layers in
room 2 according to the rule to be specified below in Section 3.3.5.
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3.3.4.4. Properties of the Penetrating Flow

In order to use Eq. (3.3.10) in any particular room fire model it is necessary
to know the properties of the penetrating flow as it enters room 2. With such
information in hand it would then be possible to invoke the model’s adopted
rule for dividing and depositing this incoming flow into the room’s upper and
lower layers. The desired result is obtained by observing that as the flow
passes through the penetrations it maintains an approximately constant total
enthalpy, i.e., the flow is essentially adiabatic. Thus, assuming
deceleration of the flow to a negligible horizontal velocity prior to mixing
in the receiving room, the temperature at this point, Typy, will be identical
to T, .

Toey = T4 (3.3.19)

Using this result, the density after penetration but before mixing, pppy, can
be obtained from the perfect gas law.

Ppgy = P1°(P2/P1) = py°X (3.3.20)

For typical fire scenarios, where the cross-vent pressure ratio, x, is close
to 1, the above leads to the expected result that the properties of the
penetrating flow are identical to its properties in room 1.

Conservation of species leads to

Co2,PEN T 02,1
(3.3.21)

Cx,PEN = %k ,1

where, again, the subscript PEN indicates a property of the slab flow in the
receiving room after penetration and deceleration, but before significant
mixing.

3.3.4.5. A Characteristic Elevation of the Flow Slab

As the flow slab enters the receiving room, possible rules for its
distribution will depend generally on a characteristic elevation of the slab.
Several choices for this elevation are available directly, viz., the top,
bottom, or midpoint. Another possible choice is yg,,5, the centroid of the
distribution of slab N's entering horizontal-velocity, or -momentum profile,
i.e.,
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Yn+1 YNn+1 IN+1 Yn+1
Ysias = J pvydy / [ pvdy = [ vydy / [ vdy (3.3.22)
Yy Yn Yx Yn

where p is the near-uniform density and v = v(y) is the velocity distribution
of the flow slab as it enters room 2. To the extent that the horizontal
penetration of a slab into the receiving room is dependent on its horizontal
momentum, y¢;,p may be preferable to other characteristic elevations as a
measure of the elevation of its flow as it is projected into the receiving
room by its horizontal momentum.

Throughout the height of the slab

v(y) = A|ap(y)[t/? (3.3.23)

for some constant X\, where

Ap(y) = A + By (3.3.24)

In Eq. (3.3.24), A and B can be determined from the known values of Yx. APy
and yy,;, Apy+,. Then y can then be expressed as a function of Ap:

Y = [Yy+1(8P - Apy) - yy (AP - Apyy;)]/(8Pysy - Apy) (3.3.25)

dy = [(yn+1 - Yx)/(8Py4q - Apy)ld(Ap) (3.3.26)

Egqs. (3.3.23), (3.3.25), and (3.3.26) are now used to change the variable of
integration on the right side of Eq. (3.3.22) from y to Ap. Carrying out the

integration leads to
Ysras = [(3/5)(8py,,%/2 - 8Py° ') (Yyay - Yu)/(Bpyy, %% - apy®/2)
+ (BPy+1Yn - OPyYy+1)1/(BPysy - Bpy)
(3.3.27)
When Apy,, - Apy + 0, i.e., the velocity profile across the height of the slab

is relatively uniform, an analysis of Eq. (3.3.27) yields the expected result

that the centroid of the momentum profile is at the mid-elevation of the slab,
i.e.,
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lim Ysrap = (Yy+1 + Yy)/2 (3.3.28)
(OPy4q-8Py) = O

When computing yg;,5, Eq. (3.3.28) should be used instead of Eq. (3.3.27) when
the removable singularity of Eq. (3.3.27), at the limit (OPy+q-0py) = 0, 1is
being approached.

3.3.4.6. Completing the Second Stage of the Calculation .

From the results of Sections 3.3.4.2-3.3.4.5 the following properties of
arbitrary flow slab N, can be calculated:

Iprr» Msiap:» Qras: Poz,suas: Px,srap» Ysran» Tpen: Ppen: Coz,pen» and
c
k, PEN

The second stage of the calculation is completed by calculating this array of
properties for each of the Ng; ,; slabs of the vent flow under consideration.

3.3.5. Third Stage of the Calculation: Distribution of the Slab Flows to the
Receiving Layers and Rate of Extraction from the Source Layers

3.3.5.1. General Aspects of the Rule for Distributing the Slab Flows

The third and final stage of the calculation determines the contributions of
all the slab flows of a vent to the net rates of flow of mass, enthalpy,
oxygen, and other products of combustion in the upper and lower layer of each
of the two rooms. These are the net rates of flow, MU i QU i P02 Ui

Pk Ui ML i QL i Po2 L, i and P L1 discussed in Section 2 and’ requlred
at any instant in the calculation of the right-hand-sides of Eqs. 2.3.2 -
2.3.8 for each room i of the simulation. The contributions are determined one
flow slab at a time.

A flow slab originates from a single layer of the source room. With the now-
known properties of the flow slab, its contributions to the net rates of flow
in the source room can immediately be taken account of. For example, the
instantaneous net rate of change of mass of the source layer is reduced by
MSLAB, while that of the other layer of the source room is unaffected by the
flow.

As a flow enters the receiving room it is assumed to be deposited entirely
into one of the two layers or to be divided between them. The rule for
apportioning the flow is based on an extension of a simple scheme, proposed in
reference [3.3.5]. In determining the net enthalpy flow rate deposition, a
rule is adopted which takes account of heat transfer to the walls of the room.
This rule is based on an extension of ideas proposed in reference [2.1.1] and
used in reference [2.1.4]. These rules will be described below.
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The rule of apportioning the slab’s mass, oxygen, and product of combustion
flow rates is based on the temperature of the penetrating flow relative to the
temperature of the receiving room’s upper and lower layers. The rule
addresses the special scenarios, analogous to those treated in Section
3.2.2.2, when it is not reasonable to simulate the otherwise expected
initiation of upper- or lower-layer growth from zero thickness, because the
magnitude of the difference between the slab temperature and that of the
existing layer is smaller than some specified (relatively small) value, ATgpg -
In addition to the latter measures of relative buoyancy, the rule for
apportioning the slab’'s enthalpy flow rate and determining the heat transfer
to the surfaces of the receiving room will depend explicitly on Tz, the
temperature of the layer in the receiving room which includes the elevation

Ysraps €85 Ty = Ty jrec If ygpap > YLAYER, iREC *

Designate the fraction of the flow slab deposited into the upper and lower
layers as F; and F_, respectively. Let iREC = 1 or 2 be the value of i for
the receiving room.

The basic rule adopted here for estimating the values of Fy, and F| is
described below for three possible categories of interface configuration.
3.3.5.2. Interface in the Receiving Room Between the Floor and the Ceiling

These configurations involve upper and lower layers which are both of non-zero
thickness. They satisfy

YrLoor, iREC < YLAYER,iREC < YCEIL,iREC (3.3.29)

Three temperature categories are distinguished for these configurations.

Temperature Category 1: Penetration Temperature Greater than that of the Upper
Layer

This category satisfies:

Tpen > TU,iREC (3.3.30)

Here, the slab flow is upward-buoyant relative to the upper layer, and it is
assumed that the entire slab flow, with its oxygen and products of combustion
is deposited there. Thus,

Fy = 1. and F, = 0. (3.3.31)
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Temperature Category 2: Penetration Temperature Less than that of the Lower
Layer

This category satisfies:

Tpeny < T igrEc (3.3.32)

Here, the slab flow is downward-buoyant relative to the lower layer, and it is
assumed that its entire slab flow, with its oxygen and products of combustion
is deposited there. Thus,

F;, = 0. and F, = 1. (3.3.33)

Temperature Category 3: Penetration Temperature at or between those of the
Upper and Lower Layers

This category satisfies:

<

Ty, irec = Tpen = Ty, irec (3.3.34)

Here, the slab flow is neutral or upward-buoyant relative to the lower layer,
and neutral or downward-buoyant relative to the upper layer. Here, the
adopted apportionment rule is that the slab flow is divided and deposited into
the two layers in direct proportion to the temperature differences. In
particular,

Fy = (Tpexy - To,irec)/(Ty, irec - To, 1rec) (3.3.35)

F, = (TU,iREC - TPEN)/(TU,iREC - TL,iREC)

3.3.5.3. Zero-Thickness Upper Layer in the Receiving Room

For this configuration the slab elevation is always within the elevation range
of the lower layer which fills the room.

Ysras < YLaYER,iREC ~ YCEIL,iREC (3.3.36)
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Two temperature categories are distinguished.

Temperature Category 1: Relatively Strongly-Upward-Buoyant Slab Flow

This category satisfies:

0 < ATgps = Tpgy - Ty imec (3.3.37)

Here, the entire slab flow is deposited in a newly-initiated upper layer, and
F; and F| are calculated according to Eq. (3.3.31).

Temperature Category 2: Relatively Weakly-Upward-Buoyant, Neutrally- or
Downward-Buoyant Slab Flow

This category satisfies:

Teen - To,irec < ATgps (3.3.38)

Here, the entire slab flow is deposited into the existing lower layer and Fy
and F; are calculated according to Eq. (3.3.33).

3.3.5.4. Zero-Thickness Lower Layer in the Receiving Room

For this configuration the slab elevation is always within the elevation range
of the upper layer which fills the room.

JLAYER,iREC ~ YFLOOR,iREC < YSLAB (3.3.39)

Two temperature categories are distinguished.

Temperature Category 1: Relatively Strongly-Downward-Buoyant Slab Flow

This category satisfies:

0 < ATgps = Ty ,rzc - Tpex (3.3.40)
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Here, the entire slab flow is deposited in a newly-initiated lower layer, and
F, and F, are calculated according to Eq. (3.3.33).

Temperature Category 2: Relatively Weakly-Downward-Buoyant, Neutrally- or
Upward-Buoyant Slab Flow

This category satisfies:
Ty, irec - Teen < 8Tgpsg (3.3.41)

Here, the entire slab flow is deposited into the existing upper layer and Fj
and F; are calculated according to Eq. (3.3.31).

3.3.5.5. Rule for Enthalpy Deposition and Heat Transfer to Room Surfaces

After entering the receiving room, but before significant mixing there, the
slab flow, at temperature Tppy, is surrounded by a layer environment at
temperature Tg.

The total enthalpy flow rate of the slab, QSLAB, is first assumed to be
divided and distributed to the upper and lower layers as described in Sections
3.3.5.2 - 3.3.5.4. Then it is assumed that a portion of QSLAB is transferred
to the surfaces of the receiving room. The portion transferred is assumed to
be a specified fraction, )y, of the "enthalpy of buoyancy," defined as the
enthalpy flow rate of the slab calculated relative to the temperature
difference Tppy - Tg.

"enthalpy of buoyancy" = ﬁs“B-Cp-(TPEN - Tg)

= QSLAB'(]- - Tg/Tpex) (3.3.42)

This "enthalpy of buoyancy" of the slab is the actual source of relative local
upward-buoyancy (if the enthalpy of buoyancy is > 0) or downward-buoyancy (if
the enthalpy of buoyancy is < 0) of the slab in the receiving room at

elevation yg;,5. This is the buoyancy which leads to the distribution of the
slab flow, by convection, according to the rule of Sectiomns 3.3.5.2 - 3.3.5.4.

The "enthalpy of buoyancy" would tend to generate an upward- or downward-
buoyant plume which would flow toward the ceiling or floor, respectively, of
the receiving room. As such a plume impinged on the ceiling or floor surface,
it would lead to a ceiling or floor jet. This would lead in turn to a
convective heat transfer exchange between the gas and the surface. The heat
transfer phenomena and losses for an upward-buoyant enthalpy of buoyancy is
completely analogous to the heat transfer and losses for a fire plume. For a
fire plume, the enthalpy convected upward from the fire’s combustion zone, (1
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- AR)Q [see Eq. (3.2.1)], is directly analogous to the enthalpy of buoyancy of
the slab. Also, for an idealized fire with Ag = 0, i.e., with negligible
radiation loss, A, is completely analogous to Ar [see Eq. (3.2.4)].

It is consistent with the guidance on the choice for Ar in reference [2.1.4]

to choose Ay in the range 0.4 < A, < 0.8. The default value for Ay is taken
to be 0.6 in CCFM.VENTS.

Following the above ideas, the net rate of heat transfer to the room surfaces
is
net rate of heat transfer to surfaces = AV-QSLAB-(I - To/Tegy)
(3.3.43)

and, the net rate of enthalpy flow deposited in the layers of the receiving
room is

net rate of enthalpy flow to layers = QSLAB - AV-QSLAB-(I - TR/Tpgy)

= QSLAB'[l - Ay (1 - Tz /Tpgy) ]

(3.3.44)

The rule for distributing the net rate of enthalpy flow of Eq. (3.3.44)
between the two layers is taken to correspond to the earlier rule for
distributing mass, oxygen, and products of combustion according to the
fractions Fy; and F; determined in Section 3.3.5.2. Thus,

rate of enthalpy flow to upper layer = FU-QSLAB[l = Ay (1 - Tp/Tpgy) ]
(3.3.45)
rate of enthalpy flow to lower layer = FL-QSLAB[l s Ay (1 - T /Tpey) ]
To the extent that an estimate of the actual distribution of heat transfer to
surfaces is required, it is reasonable to assume that the net rate of heat
transfer to room surfaces of Eq. (3.3.43) is distributed between surfaces

engulfed by the upper and lower layers according to the values of F; and F, .
Thus,
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rate of heat transfer to upper surfaces = FU-AV-QSLAB(l - Tx/Tpgx)
(3.3.46)

rate of heat transfer to lower surfaces = FL.AV-QSLAB(I - Tx/Tegy)

where, again, F; and F; are determined as in Section 3.3.5.2.

It is noteworthy that the above estimates lead to the result that the rates of
heat transfer to surfaces will be positive or negative depending on whether
Tpgy 1s greater or less than Tp, respectively. As illustrated in the two
examples below, this is consistent with the assumption that in some semi-
quantitative sense there is a correspondence between the characteristic
surface temperature of the room and Tg.

In the first example, assume that Tppy > Tz, 1.e., (1 - Tg/Tpgy) > 0, and that
the characteristic temperature of the upper surfaces of the receiving room is
at the relatively-low-temperature, Ty (e.g., as in the situation of a room
adjacent to a room of fire origin where the room-of-origin upper layer is just
starting to be transferred through the upper part of an open doorway). Then
the slab flow will lead typically to a relatively high-temperature upward-
buoyant plume in the receiving room which will impinge on the relatively low-
temperature ceiling. As predicted in Egqs. (3.3.45) and (3.3.46), this will
lead to a positive rate of heat transfer to the ceiling (heating of the
ceiling) and a corresponding negative component of rate of enthalpy addition
to the plume/upper layer (cooling of the ceiling-impinging plume).

In the second example, assume that Tppy < Ty, i.e., (1 - Tg/Tpgy) < 0, and
that the characteristic temperature of the lower surfaces of the receiving
room is at the relatively high-temperature, Ty (e.g., as in a scenario where
relatively cool air from an adjacent space, the source of the flow slab, is
introduced near the ceiling of the receiving room, which is also a room of
fire origin). Then the slab flow will lead typically to a relatively low-
temperature downward-buoyant plume which will impinge on the relatively high-
temperature floor. As predicted in Eqs. (3.3.45) and (3.3.46), this will lead
to a negative rate of heat transfer to the floor (cooling of the floor) and a
corresponding positive component of rate of enthalpy addition to the
plume/upper layer (heating of the floor-impinging plume).

3.3.5.6. Completing the Third Stage of the Calculation; Natural-Vent-Flow
Calculations for the Total Facility

Contributions of any slab flow to the upper and lower layers of a pair of
vent-connected rooms can be calculated by implementing the results and
discussion of Sections 3.3.5.2 - 3.3.4.5. The contribution to the layers from
an entire single vent flow is then obtaiued by carrying out sequentially the
slab flow calculations for all of the one-to-six slab flows of the vent. This
would complete the third stage of a vent-flow calculation.
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The contribution to the layers from all vents in a single common-wall segment

of a room pair is obtained by carrying out the vent calculations sequentially

for all vents in the common-wall segment. This would involve both second- and
third-stage types of calculations.

The contributions of natural vertical vent flows to the layers of all rooms of
a facility is obtained by carrying out the common-wall segment vent
calculations sequentially for all vent-containing common-wall segments of the
facility. This would involve all three stages of the vent-flow calculations
of Section 3.3.

It is important to note that when one of the two rooms in a calculation is the
space associated with the outside environment, modifications to that outside
space as a result of leaving or entering flow slabs are ignored.

3.3.6. The Algorithms and Associated Subroutines, COMWL1l, DELP, VENTHP, and
FLOGO2, Used to Carry Out the Three Stages of the Natural Vent Flow
Calculation

The methodology described in Sections 3.3.1 - 3.3.5 for estimating the rates
of exchange of mass, enthalpy, oxygen, and other products of combustion
through vertical natural vents is implemented in four separate algorithms
named DELP, COMWL1l, VENTHP, and FLOGO2.

DELP, which is used by COMWL1 and VENTHP, is a utility-type of algorithm which
implements the pressure calculations of Eqs. (3.3.2)-(3.3.5). COMWL1l, VENTHP,
and FLOGO2Z implement the calculations of Stage 1, 2, and 3 and their
corresponding Sections 3.3.3, 3.3.4, and 3.3.5, respectively. The use of
these four algorithms is depicted in Figure 3.3.4.

A concise presentation of DELP, COMWL1, VENTHP, and FLOGO2 and their
associated FORTRAN subroutine appears in Part III [1.1.2] of this work.

3.4. Forced Vent Flows and Heat Transfer - Two Options

This Section describes an algorithm for estimating the rates of flow of mass,
enthalpy, oxygen, and other products of combustion through a well-insulated,
forced-ventilation, fan/duct system connecting any two rooms, or a room and
the outside environment in a multi-room facility. The rates of flow to and
from the upper and lower layers of two connected spaces are determined
explicitly. Figure 3.4.1 presents a sketch of the fire-generated environment
in a pair of rooms connected by such a fan/duct system.

The terminology "well-insulated," used above to describe the fan/duct system,
is meant to indicate that any heat transfer to the walls of the simulated
fan/duct systems is assumed to be negligible.

The algorithm is implemented with one of two basic options. In Option 1, the
direction of flow and the volume flow rate through the system is specified.

In the more complicated option, Option 2, the instantaneous flow rate and

37



direction of the flow are determined from specified fan characteristics, a
specified duct resistance, and from the instantaneous characteristics of the
two-layer room environment local to the end-points of the fan/duct system
being simulated. In carrying out the calculation under Option 2, modeling of
the fan/duct ventilation system follows an extension of the ideas presented in
reference [3.4.1].

3.4.1. Two Stages of the Calculation
The forced-vent flow calculation is carried out in two stages.

In the first stage, the rates of extraction from the upper and lower layers of
the source room are determined along with all the properties of the assumed-
well-mixed the duct flow. When Option 2 is implemented and system
characteristics are used to determine flow direction and net flow rate, an
additional algorithm is used to perform the actual system-flow simulation.
This algorithm is described below in Section 3.4.5.

The first-stage calculation concludes with a description of the flow from the
source room into the duct, in the duct itself, and from the duct into the
receiving room. The flows in and out of the duct are described in the manner
of the VENTHP natural-vent flow slabs of Section 3.3.4. Here, there would be
only one or two entry flow slabs and one or two exiting flow slabs depending
on whether or not a smoke layer interface in the source or receiving room lies
within the elevation limits of the fan/duct system vents in the respective
rooms.

In the second-stage calculation, the distribution of the forced ventilation-
driven flow slabs to the layers of the receiving room and their rate of
extraction from the layers of the source room are determined with use of the
algorithm FLOGO2 discussed in Sectiom 3.3.5.

3.4.2. Specification of the Fan/Duct System Geometry and the Geometry and
Fire Environment of the Commected Room Pairs

Identify the two rooms of the facility, or the room and the outside
environment, connected by the fan/duct system and refer to the Figure 3.4.1.
Number the rooms as room 1 or room 2 according to whether it is connected to
the fan/duct system inlet or outlet, respectively. Here, the system inlet and
outlet are defined as the side of the fan/duct flow system which corresponds
to the flow inlet and outlet, respectively, under normal fan operating
conditions. Normal operating conditions lead to what will be referred to here
as flow in the normal or forward direction, from room 1 to room 2. Flow from
outlet to inlet, i.e., from room 2 to room 1, will be referred to as backward
flow. In the case of Option 1, where flow direction and flow rate are
specified, the number identification of the rooms is arbitrary.

The elevation of the inlet and outlet end-point of the fan/duct system are
characterized by the elevation of their midpoints, ygygrem,;» in room i = 1 or
2, above a datum elevation. The vent openings at the duct end-points are
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assumed to be rectangular with sides aligned vertically and horizontally. H, ,
the depth of these vents in room i, are also specified. These values are
required in order to determine the effect on the fire environment of the
system flow at instants of time when flow through the system is drawn
partially from, or supplied partially to, both the upper and lower layer of
room 1i.

The geometry of the two rooms and the state of the two-layer environment are
specified as in Section 3.3.2. The required room geometry characteristics are
the elevations above the datum elevation of the floors and ceilings, YFLOOR, i
and ycp;; ;, respectively.

The instantaneous states of the room environments are specified by the
elevation of the interfaces, YiavER,: Separating the upper and lower layers
and by the density, absolute temperature, mass concentration mass of 0, , and
mass concentrations of the other (Npgop - 1) products of combustion in the
upper and lower layers of room i. The latter are designated by Py, i [pL’i],
Ty, o [Ty 3]s cop,u,1 [Cop,L ;). and Ce,u,i [C,r, 1]y k=2 to Nypqp,
respectively, for the upper [lower] layer. At instants of time when there is
no upper layer [lower layer], i.e., when Yiaver,i = Yeerr,i [Yiaver,:

YrLoor, i), upper-layer [lower-layer] properties are not used in the
calculation. Also, as in Sections 3.2 and 3.3, 0, and other product
concentrations would be required only when the simulation under consideration
is actually being used to predict these concentrations.

The final specification of the environment is SPFLOOR,i’ the difference
between the absolute hydrostatic pressure at the floor of each room and some
fixed, absolute, hydrostatic datum pressure, Pp,rym-
Remarks at the end of Section 3.3.2, relative to situations where one of the
"rooms" connected by a natural vent is the outside environment, are also
applicable here. Also, as in Sections 3.2 and 3.3, all above-mentioned
elevations are relative to the same datum elevation.

3.4.3. Specification of Fan/Duct System Characteristics

As mentioned above, there are two options for specifying the fan/duct system
characteristics. 1In Option 1, the flow direction and volume flow rate through
the system are specified. By electing to use this option, one assumes that
during the course of a simulated fire scenario the rate of volumetric flow
through the fan/duct system being modeled will not vary significantly from a
specified design value, vbucr- Both the direction and the magnitude of the
volume flow rate are specified by the value of Voucr- If Vpyer >0 (Vpycr <
0] then the flow is forward [backward] flow from room 1 to room 2 [room 2 to
room 1].

When using Option 2, the direction and magnitude of the flow rate through the
fan/duct system are unknown. To carry out the required calculation these must
be determined from specified fan/duct characteristics and knowledge of the
above-mentioned parameters which define the two room environments.
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When using Option 2, the specified fan/duct characteristics required are the
fan curve and the duct’s flow resistance.

The fan curve describes the operating characteristics of the fan. It is a
plot of the cross-fan pressure difference, Apy, as a function of the fan
volume flow rate, VF App is defined as the difference between the pressures
at the fan's outlet and the inlet sections. This is identical to the
difference between 6py ,, and 6py , the outlet and inlet pressures,
respectively, as measured relative to the datum pressure.

APy = 8Pp 5 - 6Pp 4 (3.4.1)

A generic fan curve is depicted in Figure 3.4.2.

The fan curve is defined analytically by linear interpolation between and
linear extrapolation beyond two or more pairs of specified values, [VF I

App 51, J =1 to JTERM > 1, which identify points on the curve. These points
indicate the volume flow rate delivery of the fan, VF j» at discrete cross-fan
pressure differences, App ;.

In specifying the [VF 7+ Opp, ;] data, the present model requires the App ; to
be monotonically decreasing with increasing VF ;- Points on the fan curve of
Figure 3.4.2 would satisfy such a requirement.

The flow resistance through the duct would be dependent generally on flow
direction. Designate the resistance as R, and R, for forward and backward
flow, respectively. Also designate the density of the flow through the
fan/duct system as ppycp- As will be determined below, this will also be
dependent generally on flow direction. Then, given a non-zero pressure drop
in the duct, Appycr, for a mass flow rate through the system duct, Myycq, and
corresponding volume flow rate, Vnucr’ the non-zero resistances, R;, are
defined as

R, = S; |8ppycr |/ 2 /M pucTt = Si|APDUCT|1/2/(pDUCTVDUCT)
(3.4.2)
Appycr = (6PSYSTEM,1 - 6Pp,1) + (SPI-‘,Z - ‘SPSYSTEM,Z)

+ ppycrB8(YsysTem,1 - YsysTEM,2)

= App + (8Psystem,1 - SPsvystem,2) * Pouct8(YsystEm,1 - YsysTEM, 2)

where, for forward flow, i = 1, S; = 1, and Appycr would be > 0, and for
backward flow, i = 2, S, = -1, and Appycy would be < 0. Also, épsysrem,1 and
6PsysTEM, 2 are the pressures in rooms 1 and 2, relative to the datum pressure,
at the elevations, YsYSTEM, 1 and YsystEM, 2 respectively, of the inlet and
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outlet system endpoints. Finally, consistent with the sketch of Figure 3.4.1,
Eq. 3.4.2 assumes that there is a negligible difference in elevation between
the inlet and outlet of the fan.

If the duct flow resistance is negligible, i.e., the duct resistances can be
approximated by R, = R, = 0, then from the first of Eq. (3.4.2) Appycp would
also be approximated as zero and from the second of Eq. (3.4.2) it follows
that

App = '(5PSYSTEM,1 - SPSYSTEM,Z) - pDUCTg(ySYSTEM,l © YsystEm, 2)

(3.4.3)

3.4.4. First Stage of the Calculation: Characteristics of the Flow Entering
and Leaving the Duct

As noted in Section 3.4.3, for Option 2 a priori knowledge of the direction of
the flow through a particular fan/duct system being simulated is unavailable.
It can be from room 1 to room 2 or from room 2 to room 1. The latter
possibility would indicate the backward flow condition where flow direction
was opposite to that of normal fan operation. This must occur, for example,
if there is a fire in room 2, the outlet room, and if all vents and other
significant penetrations from room 2 are closed except for the room-2 end-
point of the fan/duct system.

A_priori knowledge of flow direction depends on which of the two above-
mentioned algorithm options is implemented. To keep general the analysis in
the discussion to follow, the subscripts i used in the variables identified in
Section 3.4.2 are replaced by iFR, to denote the source room from which the
duct flow is extracted, and by iTO, to denote the receiving room into which
the duct flow is deposited. Then, one task of the first-stage calculation is
to determine whether iFR = 1 and iTO = 2 (forward flow, or normal fan
operation with Vy, ., > 0) or iFR = 2 and iTO = 1 (backward flow through the
fan, with Vouer < 0).

3.4.4.1. Characterizing the Entering Duct Flow
Consider room iFR.

When the layer interface is not between the top and bottom of the duct opening
a single uniform flow slab enters the duct with properties identical to the
specified properties of the lower layer,

if YiayEr, iFr 2 Ysystem,irr t Hjpg/2;
the upper layer,

if YLAYER,iFR = YsysTem,irr - Hirr/2.

When the layer interface is between the top and bottom of the duct opening
special considerations are required.
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Figure 3.4.3 is an illustration of the flow entering the duct in room iFR when
the layer interface is between the top and bottom of the vent opening. Define
6Ppycr as the pressure relative to the datum pressure at a location somewhat
inside the duct, upstream of significant duct-flow development and mixing
between the upper- and lower-layer flow contributions.

Assume that the flow through the vent and into the entry region of the duct is
similar to the flow through an orifice or nozzle. Assume also that H;p; 1is
small enough so that the absolute value of the hydrostatic pressure difference
over the height of the duct is negligible compared to the absolute value of
the pressure drop, |Apgyrgy! = |8Ppucr - 6PsysTEM, iFR |+ 8CTOSS the duct
entrance region. Then, from Bernoulli’s equation, e.g., Eq. (3.3.10) for e =
0, the velocity of the upper and lower layer flow-slab components of the flow
in the entrance region of the duct are both proportional to |Apgyrry |1/%. In
particular, the mass flow rate of the two flow slabs from the upper and lower
layer, MSLABU'iFR and Mgpapy iFr: respectively, are given by

MsiaBu,iFr = bCDhU,iFR(lApENTRYlpU,iFR)llz
(3.4.4)

y - 1/2
MspasL, iFR bCphhy ;pr (18PeyrrY AL, 1FR)

In the above, b is the width of the vent and C, is the flow coefficient.

Also, as illustrated in Figure 3.4.3, hy ; [hL’i] is the absolute value of the
difference in elevation in room i between the top [bottom] of the vent and the
layer interface.

hy ; = Ysystem,1 * Hi/2 - Yoaver,:
(3.4.5)

hy ; =H; - hy § = Yiaver,i - (Ysystem,:1 - Hi/2)
From Eq. (3.4.4) it follows that

] . 12
Msrasu,irr/MsraBL,iFR = (hU,iFR/hL,iFR)(pU,iFR/pL,iFR) ! (3.4.6)

Assume that once in the duct the two streams mix adiabatically to form a
uniform-property duct flow of temperature Tpy,cq and density ppycp where the
upper- and lower-layer inlet flows can both be modeled as the same perfect
gas, i.e.,

pDUCTTDUCT = pU,iFRTU,iFR = pL,iFRTL,iFR (3.4.7)

Adiabatic mixing requires that
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MSLABU,iFRTU,iFR + MSLABL,iFRTL,iFR = IMDUCTITDUCT

= (MSLABU,iFR + MSLABL,iFR)TDUCT

(3.4.8)
Now Eqs. (3.4.6)-(3.4.8) lead to

- _ 1/2
Pouct = Ppuct,iFR = PL,iFrll * (hU,iFR/hL,iFR)(pU,iFR/pL,iFR) 1/

(1 + <hU,iFR/hL,iFR)(pL,iFR/pU,iFR)1/2]

(3.4.9)

Thus, if the flow direction (i.e., the value of iFR) is known, the above model
for flow entry into the duct yields an estimate of Ppuct»irr Without specific
knowledge of the value of Mpycr or its entry flow-slab components, MspaBu, iFRr
and Mgy .3y ;pr- Equation (3.4.9) will be used when the present forced-vent
algorithm is implemented in the option-2 mode (see Section 3.4.5). At such
times the wvalues of Ppycr Under conditions of forward and backward flow
through the ventilation system (i.e., for both possibilities, iFR = 1 or 2)

are required to determine the direction and rate of flow through the fan/duct
system.

Once the solutions to Ppyct are determined by Eq. (3.4.9), Eq. (3.4.7) leads
to Thyer

Thyer = Py, irr Ty, irr/Ppuct (3.4.10)

Also, once the solution to Mpyecr 1s obtained from considerations in Section

3:4.4.3, Egs. (3.4.6), (3.4.8), and (3.4.10) lead to Mg, 0y ,pp and Mg,y 4rp

MSLABL,iFR = IMDUCTITDUCT/(TU,iFR[(hU,iFR/hL,iFR)(pU,iFR/pL,iFR)l/z]
+ Ty ser)
(3.4.11)
MSLABu,iFR = IMDUCTI - MSLABL,iFR
IMDUCTITDUCT/(TL,IFR[(hL,IFR/hU,IFR)(pL,IFR/pU,IFR)I/Z]
+ Ty 1rr)
(3.4.12)
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3.4.4.2.

Determining the Entering Duct Flow When the Flow Direction and Flow

Rate Are Specified

When using Option 1, the values of VDUCT and iFR are known, and the values of
Ppuct: Tpuycr, and Mpycr and the entering components of the duct flow slabs are
determined according to:

If the interface is between the top and bottom of the room-iFR vent:

There are two flow slabs entering the vent; ppycp and Tpycp are
determined from Egs. (3.4.9) and (3.4.10), respectively;
Mpucr = PpuctVpuct: and, using the latter value for M.y,
MspaBL, iFR and Mg 4py, jFr 8T determined from Egs. (3.4.11) and
(3.4.12), respectively.

(3.4.13)

If the interface is at or below the bottom of the room-iFR vent:

There is one slab of flow entering the vent from the upper layer;

Pruct = Pu,irr: Touct = Tu,irr’ Mpucr = PouctVpucts MsLamu,iFrR =

IMpycr!: and Mgy .51, 5rr =
(3.4.14)

If the interface is at or above the top of the room-iFR vent:

There is one flow slab entering the vent from the lower layer;

Pouct = Pr,iFr: Tpuct = Tr,irr’ Mpucr = PouctVpuct: MsraBr,iFR =
Mpycrls and Mgy gy, irr = oo

(3.4.15)

From the above and from other specified information, all other properties of
the entering flow slabs and the duct flow can also be determined.

3.4.4.3.

Determining the Entering Duct Flow When the Flow Rate and Flow

Direction Are Unknown

In the Option-2 mode, it is necessary to determine the entering flow slab
components of the duct flow and the properties of the duct flow itself as in

Option 1.

Here, the system flow rate and the flow direction (i.e., the wvalue

of iFR) are not known.

To obtain the flow rate it is necessary first to determine
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APsystEM = SPsysTEM,1 - 6PsysTEM, 2 (3.4.16)

where §pgygrpy ; and 6PsysTeEM 2 are obtained from:

For i = 1 and 2;

If YsysTEM,i - YLAYER,i':
6PsysTEM, 1 = 6PrLoor, i - pL,ig(yLAYER,i - YrLoor,i)

- pU,ig<ySYSTEM,i © YLavERr, i)

(3.4.17)

If Ysystem, s < YLAYER, i

6PsysTEM, 1 = 6PrLoOR,:1 - pL,ig(ySYSTEM,i © Yrroowr, i)

(3.4.18)

Next, the two possible Ppycr Values, corresponding to forward and backward
flow, are determined. These are designated as Ppyct,1 1f there is forward
flow (i.e., if iFR = 1) and Ppucr, 2 if there is backward flow (i.e., if iFR =
2). The values of Ppycr,; are determined one at a time according to the
Option-1 determination of Ppuct Presented in Eqs. (3.4.13)-(3.4.14).

Finally it is necessary to determine

AYsysTEM = YsysteM,1 -~ YsysTEwm, 2 (3.4.19)

Now, with the values of APsysTEM Aysysreym» the Ppycr,i» and the .
characteristics of the fan-duct system, namely, the R, , JTERM and the [VF,J,
Apy 5], J =1 to JTERM, the algorithm described below (in Section 3.4.5) is
used to determine Mpyer -

As will be mentioned in Section 3.4.5, there are situations where the adopted
model of the fan-duct system can yield two solutions for the flow, a forward
flow solution and a backward flow solution. Under such a circumstance, the
solution adopted here is the one that corresponds to the flow direction
determined at the previous time step in the fire simulation.
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3.4.4.4, Characterizing the Flow as it Leaves the Fan-Duct System and
Penetrates the Receiving Room

The first-stage calculation concludes with a characterization of the known,
uniform-property duct flow as it leaves the fan/duct system and penetrates the
layers of the receiving room, room iTO. In terms of a flow slab description
of the penetrating flow, the following determination is made:

If the interface in room iTO is between the top and bottom of the room-
iTO vent:

There are two, identical-property flow slabs leaving the vent.

The upper flow slab consists of the portion of the duct flow
between the elevation of the layer interface and the top of the
vent, and the lower flow slab consists of that portion of the duct
flow between the interface and the bottom of the vent. The upper
and lower flow slabs have depths of hy ;o and h; ;g which are
determined by Eq. (3.4.5), and they penetrate the’ upper and lower
layers of room iTO, respectively. The mass flow rate in the upper
and lower slabs are designated as MSLABU irr and MSLABL iFR
respectively. These are determined from’

MSLABU,iFR = (hU,iTO/HiTO)IMDUCTl
MSLABL,iFR = (hL,ito/HiTO)lMDUCT| = Mpycrl - MSLABU,iFR
(3.4.20)

If the interface in room iTO is at or below the bottom of the room-iTO
vent:

There is one flow slab leaving the vent and penetrating the upper
layer.

(3.4.21)

If the interface in room iTO is at or above the top of the room-iTO
vent:

There is one flow slab leaving the vent and penetrating the lower
layer.

(3.4.22)

The properties of the entering flow slabs are those of the duct flow.
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3.4.5. The Direction and Flow Rate Through a Fan/Duct System

This Section describes the basis for calculating the flow rate through a
fan/duct ventilation system of the type depicted in Figure 3.4.1. 1In carrying
out the calculation, modeling of the system follows an extension to the ideas
presented in reference [3.4.1].

In Figure 3.4.1, YsysteEm, 1> YsysTem, 2z are the mid-elevation, relative to the
datum elevation, of the system end-points in rooms 1 and 2, respectively.
Also, 6pSYSTEM,1’ 6pSYSTEM'2 are the pressures at these end-points, relative
to the datum pressure. As defined in Section 3.4.2 and as indicated in the
figure, the end-points 1 and 2 correspond to the inlet and outlet of the
system under normal fan operating conditions.

To carry out the present calculation, several parameters of the system must be
specified. These are: the pressure and elevation differences, Apgygrpy and
AYqysrgm» @S defined in Eqs. (3.4.16) and (3.4.19); the forward and backward
flow resistance of the duct, R, and R,, respectively, as defined in Eq.
(3.4.2); and the two possible densities of the duct flow, designated as
Ppyct, 1+ L1f the solution flow is a forward flow from the inlet room 1 to the
outlet room 2, and Ppuct,2 LE the solution flow is a backward flow from the
outlet room 2 to the inlet room 1.

Also required for the calculation are two or more pairs of specified values
(Ve s, Apg ;1, J =1 to JTERM > 1, which identify points on the fan-operating
curve. As defined in Section 3.4.3, the VF,J's are the volume flow rates
delivered by the fan under the corresponding cross-fan pressure differences
App ;, where Ap; is defined in Eq. (3.4.1). As indicated in Section 3.4.3, in
simulating fan operation the fan curve is approximated by linear interpolation
between and linear extrapolation beyond the specified JTERM fan-curve data
points. As indicated in Figure 3.4.2, the fan curve must be such that App is
monotonically decreasing with increasing Ve. In terms of the fan curve, .
forward flow is associated with positive values of the volume flow rate, Ve,
while backward flow is associated with negative values of V.

Let the simulated fan curve be defined as

Ve = £(4p;) (3.4.23)
and define its vF = 0 intercept as App 4, 1.e.,

£(apg 4) =0 (3.4.24)

Also, using the above-specified parameters and referring to Eqs. (3.4.2),
(3.4.16), and (3.4.19), define and evaluate the adjusted pressure differences,

APppy, i as

47



APppy, i = OPsystem t Ppucr, i BAYsysTEM (3.4.25)

where i = 1 or 2 for forward or backward flow, respectively.

Using Eq. (3.4.25) in Eq. (3.4.2) leads to the following result for the duct
mass and volume flow rates:

) - ) L2 .
Myycr,1 = Ppucr,1Vpucr,1 = I8P + 8Pppy, 1l /2/R, if (App + Apppy,1) > O

(3.4.26)

) ) 12 .
Mpycr,2 = Ppuct,2Vpuct,2 = ~|&Pr + OPapyg, 2| '2/R, if (8pp + ApPspy,,) <O

(3.4.27)

For a valid fan/duct system flow solution, the duct volume flow rate in Egs.
(3.4.26) or (3.4.27) and its corresponding mass flow rate must be identical to
the fan volume flow rate of Eq. (3.4.23) and its corresponding mass flow rate.
Equating these volume flow rates leads to the following result:

For non-zero R,, Apy solutions to

v
o

|apy + APADJ,1|1/2/(PDUCT,1R1) = £(App) if £(Apg)

or (3.4.28)

A
o

-lapy + APADJ,ZI;/Z/(pDUCT,ZRZ) - f£(apg) if £(Apg)

and the corresponding ﬁnucr - VF solutions that would be obtained from
Eq. (3.4.23), would represent valid [V;, Apy] solution pairs to the
desired fan/duct flow problem.

If the duct flow resistance is negligible then Eqs. (3.4.3) and (3.4.25) lead
to the following alternative to the result of Eq. (3.4.28):
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For R, = R, = 0, the Ap; solutions

APp = -BPapg,; if £(-8psp; ,) > O

or (3.4.29)

APr = -BPypy, 2 1f £(-8pap; ,) >0
and the corresponding VDUCT = VF solutions that would be obtained from
Eq. (3.4.23) would represent valid [V, App] solution pairs to the
desired fan/duct flow problem.

If Eqs. (3.4.28) or (3.4.29) do not lead to any solutions, then the solution
to the duct/fan flow problem is one of zero flow, i.e.,

Vnucr = VF = 0 and Ap; = Apy o 1if there are no solutions to
Egqs. (3.4.28) or (3.4.29).

(3.4.30)

Figure 3.4.4 is a graphical presentation of the problem of solving Egs.
(3.4.28) or (3.4.29). Plotted there is the universal fan curve of Eq.
(3.4.23), the solid line, and in the dashed lines, parametric plots of Eq.
(3.4.26) for forward duct flow on the right side of the Ap axis, and
parametric plots of Eq. (3.4.27) for backward duct flow on the left side of
the Ap axis.

The parametric curves on the right side of Figure 3.3.4 characterize forward
flow through the duct. According to Eq. (3.4.26), these correspond to plots
of Apy vs V for different values of ADupy, 1 = ofF), ofF), ofF? =0, o{F), etc.
At any instant and for any duct design, the value of Ap,py ; calculated from
Eq. (3.4.25) would be equal to one of these o(F) values (or to an interpolated
value). Then the plot of App Vs V for the duct would be identical to the
corresponding o(¥) curve shown in the figure (or to an interpolated curve
between the ones shown).

In an analogous way, the parametric curves on the left side of Figure 3.3.4
characterize backward flow through the duct. According to Eq. (3.4.27), these
correspond to plots of Ap, vs V for different values of Apppy 5 = a{B), g(B),
0§, of{B) = 0, etc. At any instant and for any duct design, the value of
APappy,, calculated from Eq. (3.4.25) would be equal to one of these o¢B)
values (or to an interpolated value). Then the plot of App vs V for the duct
would be identical to the corresponding o3’ curve shown in the figure (or to
an interpolated curve beiween the ones shown) .

Note that if duct flow resistance is zero, then from Eq. (3.4.29) the
parametric duct-flow curves become the parametric horizontal lines
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Vpycr > 0 and Apy = -Ap,p; , iE R =0 (3.4.31)

for forward flow, and

Vpycr < 0 and Apy = -Ap,p; , if R, =0 (3.4.32)

for backward flow.

In Figure 3.4.4, a valid forward-flow solution would correspond to the unique
intersection of the solid fan curve and the dashed duct curve on the right
which corresponds to the particular value of o¢F) = Ap,,; ;, calculated in Eq.
(3.4.25). 1In the figure it can be seen from the intercepts of the ofF) curves
and the Ap; axis that a forward-flow solution, Apy gorLy: exists if and only if
Appp, , satisfies -0(F) = -Apap;. 1 < OPg -

Analogous to the forward flow solution, a valid backward-flow solution would
correspond to the unique intersection of the solid fan curve and the dashed
duct curve on the left which corresponds to the particular value of o(B) =
APapy, 2 calculated in Eq. (3.4.25). In the figure it can be seen from the
intercepts of the o{®’ curves and the Ap; axis that a backward-flow solution,
App sorLn: €Xists if and only if Ap,,; , satisfies -0(B) = -0pgpg,2 > BPr o

The graphical presentation of Figure 3.4.4 clarifies the fact that there are
four possible classes of solution to Egs. (3.4.28) or (3.4.29), namely: a
single forward-flow solution and no backward-flow solution, e.g., Apsp; ; =
of¥) and Ap,p; , = 0§®’ [see Figure (3.4.5.a)], a single backward- flow
solution and no forward-flow solution, e.g., Ap,p;, 1 = a{F’ and Ap,p; , =

o{B’ [see Figure (3.4.5.b)], one forward-flow solution and one backward-flow
solution, e.g., Ap,py ;1 = o4F) and ApADg , = 0B’ [see Figure (3.4.5.c)], and
no solutions at all, e.g., Ap,py,, = a§ " and APapgy,2 = aéB) [see Figure
(3.4.5.d)]. In the first two classes, the unique solution obtained is taken
to be the desired solution to the fan/duct flow problem. In the latter class,
the solution to the fan/duct flow problem is taken to be that of Eq. (3.4.30).
As mentioned at the end of Section 3.4.4.3, when both forward- and backward-
flow solutions are obtained (i.e., the third class of solution) the solution
to the fan/duct flow problem is taken to be the solution with a flow direction
‘identical to the flow direction determined at the previous instant of time in
the fire simulation.

The actual solution to Eq. (3.4.28) makes use of the root-finding algorithm
RTSAFE and its associated subroutine presented in [3.4.2]. The RTSAFE
subroutine is a part of the FANRES subroutine of CCFM.VENTS which is included
in Part III [1.1.2] of this work.
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3.4.6. Second Stage of the Calculafion: Distribution of the Duct Flow Slabs
to the Receiving Layers and Rate of Extraction From the Source Layers

The result of the first-stage calculation of Section 3.4.4 is a description of
the flows in and out of the fan/duct system where these flows are described in
the manner of the VENTHP natural vent flow slabs of Section 3.3.4. In the
second-stage calculation, the distribution of the present forced ventilation-
driven flow slabs to the layers of the receiving room and their rate of
extraction from the layers of the source room are determined according to the
algorithm FLOGO2 discussed in Section 3.3.5.

As will be recalled, FLOGO2 provides the contributions to the rates of change
of the upper and lower layers of two immediately adjacent rooms as a result of
the one-to-six slabs of uniform-property flow which pass through a vertical
vent in their common wall segment.

In the configuration of Figure 3.4.1, the flow slabs associated with the vent
flows at either end of the fan/duct system have been determined; the flow from
the source room to the duct, at one end, and the flow from the duct to the
receiving room, at the other. Two successive applications of the FLOGO2
algorithm are used. 1In the first application, the pair of immediately
adjacent rooms identified in the algorithm is the source room, room iFR, and a
"dummy room," associated with the outside environment. The latter is taken as
a surrogate for the FLOGO2 receiving room. In the second application, the
pair of adjacent rooms is the receiving room, room iTO, and a "dummy room,"
now taken as a surrogate to the FLOGO2 source room. As mentioned at the end
of Section 3.3.5.6, when one of the rooms of a room pair in a FLOGO2
calculation is a space associated with the outside environment, modifications
to that outside space as a result of leaving or entering flow slabs are
ignored. Therefore, in determining the action of the forced ventilation
system the result of the two applications of FLOGO? are 1) to calculate the
rates of loss of mass, enthalpy, and products from the layers of the source
room; and 2) to calculate the rates of addition of mass, enthalpy and products
to the layers of the receiving room.

The contributions of forced ventilation flows to the layers of all rooms of a
facility is obtained by carrying out the above fan/duct calculations
sequentially for all fan/duct systems of the facility. For each system this
would involve both stages of the calculations of Section 3.4.

3.4.7. The Algorithms and Associated Subroutines, VENTF, FLOGO2, and FANRES,
Used to Carry Out the Two Stages of the Forced Vent Flow Calculation

The methodology described in Sections 3.4.1 - 3.4.6 for estimating the rates
of exchange of mass, enthalpy, and products of combustion through forced-
ventilation fan/duct systems is implemented in three separate algorithms named
VENTF, FANRES, and FLOGO2.

VENTF implements the calculations of Stage 1 which correspond to the
presentation in Section 3.4.4. FLOGO2 implements the calculations of Stage 2
which correspond to the presentation in Sections 3.4 6 and 3.3.5. 1In cases
where the flow through the fan/duct system is determined from the duct flow
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resistance and the fan oﬁerating curve, the algorithm FANRES is used in the
VENTF calculation. The calculation of FANRES corresponds to the presentation
in Section 3.4.5.

The use of the three algorithms of the forced vent calculation is depicted in
Figure 3.4.6.

A concise presentation of VENTF, FANRES, and FLOGO2 and their associated
FORTRAN subroutines appears in Part III [1.1.2] of this work.
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4. Specifying the Problem for a Particular CCFM.VENTS Fire Simulation

To carry out a particular fire simulation with CCFM.VENTS the user must supply
information on the characteristics of the rooms, the natural vents, the forced
vents, the fires, and the outside environment. Also required are the initial
conditions which describe the state of the two-layer environment in each room
of the simulated facility. The required inputs will be discussed here briefly
Other required inputs, not associated with the physical aspects of the
simulation, will be discussed in Part II [1.1.1] of this work.

The detailed mechanics of implementing all CCFM.VENTS input are described in
user’'s reference guide of Part IV [1.1.3].

4.1. Room Geometry, Vent Characteristics, and the Outside Environment

Independent sets of positive integers are used to number and designate the
inside rooms, the natural vents, and the forced vents (i.e., the fan/vent
systems) of the facility.

As will be discussed below, when dealing with wind environments and for other
applications, it will be useful to divide conceptually the outside environment
into a number of different spaces. These outside spaces would also be given
designations from an independent set of positive numbers. When identifying
one of these outside spaces, e.g., to specify that it is one of the two spaces
joined by a vent, the assigned integer for the outside space is distinguished
from that of the inside room by use of the negative of its designated integer
value. In what is likely to be the most typical of fire scenarios, when the
outside environment is taken to be quiescent and uniform, only one outside
space is required. This space is designated as outside-environment space 1.

The specified geometric properties of each room i are Yrroor i and its height
and area.

The specified properties of each natural vent i are: the numerical designation
of the two inside rooms (or the inside room and outside space) connected by
the vent, one of these being identified arbitrarily as the "from" room and the
other as the "to" room; the area of the vent; and the elevations, above the
floor of the "from" room, of the bottom and top of the vent.

The specified properties of each forced vent i are: the numerical designation
of the "from" room and the "to" room under normal fan-operating conditions;
the elevations above the floors of their respective rooms of the midpoints of
the fan/duct system endpoints; the heights of the rectangular duct end-point
vents in the "from" and in the "to" rooms; the flow resistances of the duct
during forward and backward flow conditions:; and a set of pairs of values of
volume flow rate and cross-fan pressure which identify points on the fan
curve.

The specified properties of each outside space i are: a reference elevation,
relative to the datum elevation, where ambient properties of the space are
specified; the reference pressure, relative to the datum pressure, at the
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latter elevation; the density of the space; and the concentration in the space
of all simulated products of combustion.

4.2. The Fire

The specified properties of the fires are: the numbers of the rooms that
contains a fire; the elevation of the fire above the floor; and sets of pairs
of values of energy release-rate and time which identify points on the
specified curves of fire-energy-release-rates vs time. In the simulation, for
each of the specified fires the fire-energy-release-rate at an arbitrary time
is obtained by interpolating linearly between or extrapolating linearly beyond
the specified data points.

4.3. The Products of Combustion

An independent set of positive integers is used to number and designate the
different products of combustion whose concentration is to be simulated. At
an arbitrary instant of time it is assumed that the fire's generation rate of
product of combustion k, Pk sourcg: 1S proportional to the simulated energy-
release-rate of the fire, i.e.

-

Pk,souncz = factor, -Q (4.3.1)

Thus, for product k, the specified property of the product generation rate is
the constant, factor,. The default product of combustion 1 is oxygen and,
according to Egs. (3.2.2), (3.2.3), and (4.3.1), a default value for factor,
is specified as -0.076(107%) (kg of 0,)/J.

4.4 TInitial Conditions

The environment in each room i of the facility must be initialized. The
initial properties specified are: épg;o0g, ;. elevation of the layer interface
above the floor, Py, i» PL, 1> and P y and Pk L i for each product of
combustion, k. Note that if the upper layer is initially of zero thickness,
then p; ; and the P , , can be specified arbitrarily. Similarly, if the
upper 1ayer 1n1tlally fills the room, p, ; and the P, , can be specified
arbitrarily.

As will be seen in Part IV [1.1.3], a simple procedure, appropriate for use in
most simulations, is available for initializing all of the above variables.

In this procedure: 1) all rooms of the facility are initialized with a zero-
thickness upper-layer; and 2) the density and concentration of each product of
combustion are taken to be uniform, at specified values, throughout all rooms
of the facility and throughout all outside spaces. With the above specified
information, the exact values of &pp;gog,; for all rooms is calculated
automatically. The procedure leads to the desired condition of initial-zero-
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flow between all inside-to-inside and inside-to-outside natural vents of the
facility.

Having used the above initialization procedure, the user, as required, can
then make initialization modifications to the outside spaces and to selected
inside rooms.

4.5. Specifying a Simulation Which Accounts for Conditions of Wind Loading

Except in unusual situations where it is reasonable to model a facility as
being completely sealed off from the outside environment, outside wind
conditions can play a significant role in determining the fire-generated
environment within the facility. This is because: 1) the wind dynamics affect
significantly the exterior pressure distribution local to the outside-
environment-exposed side of any particular natural or forced vent; and 2) such
an exterior pressure distribution plays a major role in determining the
characteristics of the flow through the vent, e.g., this distribution would be
computed and used in the algorithm VENTHP.

The free-field wind velocity relative to the orientation of the facility and
the specific location on the exterior of the facility structure will determine
the local pressure distribution there. The location and shape of nearby
structures can also play a role in determining the exterior pressure
distribution.

The CCFM.VENTS capability of designating multiple outside spaces can be used
to simulate the pressure distributions at different vent locations on the
exterior of a facility in a wind environment. One possible method of using
CCFM.VENTS to simulate such wind conditions is outlined briefly:

Specify Pamp ., the density of a quiescent environment, SPrgrp,» its reference
pressure at its reference elevation, and Yrer» 1ts reference elevation.
Designate this environment as outside space 1.

Now assume that the environment is not quiescent, but that it has a uniform
far-field wind velocity with wind speed, Vyiup-

Consider a vent of a facility which is exposed to an outside wind environment.
Assume that an analysis of wind flow around the facility allows one to
determine the local pressure coefficient, Coressure» at the location of the
exposed-side of the vent of interest (see, e.g., [4.5.1]). Thus, if
6Pquresceyt @nd 8pyyp are the relative outside pressures local to the vent in
the quiescent and wind environments, respectively, then, by definition of

CPRESSURE ’

6Puinp = 6Pqurescent + CPRESSURE(PAMBVWINDZ/Z) (4.5.1)

In view of Eq. (4.5.1), a new outside space is introduced, where the new space
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is defined as having the same properties as the original quiescent-environment
space, but with a new reference pressure specified to be

6PrerNEw = OPrer t CPRESSURE(PAMBVwINDZ/z) (4.5.2)

The "room" on the exposed side of the vent of interest is now designated as
this new outside space.

Now the above procedure is repeated for each exposed vent of the facility. At
the end of the process one outside space will be defined for each unique value
of Cpressure-

With the modified input data, the desired effect of wind loading would be
taken account of in the resulting CCFM.VENTS simulation.

4.6. Stack Effect

Flows through natural vents located on the exterior walls of the facility
(e.g., cracks, open windows, or doors) can be driven by cross-vent pressure
differences which are set up as a result of a density difference between the
interior of a facility and the outside environment. The flow exchange
phenomenon is called stack effect [4.6.1].

The phenomenon of stack effect can be very important in relatively tall
buildings during winter or summer conditions. The winter condition involves a
relatively-uniform interior-building environment which has a lower density
(higher temperature) than the density (temperature) of the outside ambient.
The summer stack-effect phenomenon involves a relatively high interior density
(low interior temperature) and relatively low outside ambient density (high
outside temperature).

The combined phenomena of stack-effect-driven flows and fire-driven flows can
be simulated with CCFM.VENTS. One possible way to do this is outlined
briefly: .

Initialize the simulation according to Section 4.4, setting the uniform inside
and outside density at identical values corresponding to the desired inside
density. Now modify the outside environment by specifying the desired outside
density.

With the modified input data, the CCFM.VENTS simulation will include the
desired phenomenon of stack effect.

Note that the ideas on wind-load simulation of Section 4.5 can be combined

with the present ideas on stack-effect simulation. This léads to a capability
of simulating the combined effect of fire, wind, and stack effect.
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5. Summary and Overview of Parts II-IV

This is the first of a four-part report which documents all aspects of
CCFM.VENTS, the first-stage prototype application of the CCFM concept.
Introductory remarks of Section 1 discussed the generic features of the CCFM,
and the specific features of CCFM.VENTS.

The main objective of this Part I document was to present a comprehensive
description of the governing equations or algorithms used in CCFM.VENTS and
their technical basis. This was done in Sections 2, where the generic CCFM
equation set was presented and in Section 3 where the detailed technical basis
of the CCFM.VENTS-specific equations were presented. Section 4 presented an
overview of the task of specifying a particular CCFM.VENTS simulation.

Methods of using CCFM.VENTS to simulate the phenomena of wind loading and
stack effect were also discussed in this section.

The other three parts of this CCFM.VENTS documentation are: Part II: Software
Reference Guide [1.1.1]; Part III: Catalog of Algorithms and Subroutines
[1.1.2]; and Part IV: User Reference Guide [1.1.3].

Part II presents the generic and CCFM.VENTS-specific features of the framework
of CCFM software. This includes features of both program and data structures.
Numerical considerations used to treat the solution to the CCFM equation set

are also presented. Part II concludes with a presentation of methods of using
the CCFM structure to generate stages of the computer model beyond CCFM.VENTS.

Part III is a catalog of all the modular algorithms and associated computer
subroutines used to simulate the physical phenomena in CCFM.VENTS. The
catalog has two kinds of entries, algorithms which involve physical phenomena
and other "utility" algorithms required in the physical algorithm
calculations. Each physical algorithm entry of the catalog includes a brief
description of the phenomenon simulated, a concise but complete presentation
of the calculation procedure used, identification of all input and output
parameters, and a listing of the computer coding. These catalog entries
represent the bridge between the governing equations of CCFM.VENTS and their
technical basis, as presented in Section 3 of this report, and the
implementation of these mathematical modeling results into the software of

CCFM, or of any other modular, zone-type, compartment fire model computer
code.

Part IV is the CCFM.VENTS user’s guide.
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NOMENCLATURE

o

CINCOMPRESSIBLE

CPRESSURE

Cx,1 lex, 2]

Coz2,u [Co2,1

Coz,u,i [Co2

Coz2,1 [C02,2

Co2,PEN
F
FU [FL]

]

L, il

]

a constant, Eq. (3.3.24)

a constant, Eq. (3.3.24)

width of a vent

vent flow coefficient, Eq. (3.3.14)

C at y

flow coefficient for entering duct flow
C for incompressible flow

local pressure coefficient

specific heat at constant pressure
specific heat at constant volume

concentration of product of combustion k in a flow
slab as it penetrates the receiving room

concentration of product of combustion k per unit mass
of upper [lower] layer of a room

concentration of product of combustion k per unit mass
of upper [lower] layer of room i

concentration of product of combustion k in room 1
[room 2] at the elevation of a vent flow slab

concentration of O, per unit mass of upper [lower]
layer of a room

concentration of O, per unit mass of upper [lower]
layer of room i

concentration of O, in room 1 [2] at the elevation of
a vent flow slab

concentration of 0, in a flow slab as it penetrates
the receiving room

a constant, Eq. (3.2.3)

fraction of flow slab deposited into upper [lower]
layer of receiving room
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factork

MDUCT

MDUCT, 1 [MDUC'I', 2:I

MSLAB

MSLABU,iFR [MSLABL, iFR]

vent flow function, Eq. (3.3.13), or fan curve
function, Eq. (3.4.23)

multiplying factors to predict Pk'SOURCE from Q, Eq.
(4.3.1)

acceleration of gravity

depth of vents at the endpoints of a fan/duct system
in room i ‘

magnitude of the difference in elevation in room i
between the top [bottom] of the vent and the layer
interface

indicator of flow direction of a vent flow slab
number of points used to approximate the fan curve >

mass in upper [lower] layer of room i

mass flow rate in the plume as it penetrates the layer
interface

mass flow rate through the duct

mass flow rate through fan/duct system if its source
is room 1 [room 2]

mass flow rate in a flow slab

mass flow rate in a flow slab entering a fan/duct
system from the upper [lower] layer of room iFR

sum of mass flow rate contributions to the upper
[lower] layer of room i from all plumes, jets,
sources, etc.

a mass flow rate to the upper [lower] layer

number of products of combustion in the simulation
number of rooms in the simulation

number of flow slabs through a vent

number of unique elevations of the endpoints and zeros

of linear segments of a Ap, , distribution along
entire height of a vent
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NWELEV

Peous [Pon, sl

Pk,SLAB
Pk,SOURCE

Peou,s (Pen, sl

131<,u [Pk,L]

Poz, sias
1.)oz,souncr-:
P

Ppatum

Px

P;
PrLooR, i
Q"

Q

Qsras
Qourcs
Qrorar
Qs Q]
Q [Q]

R

R, [R,]

number of unique elevations of the endpoints and zeros
of linear segments of a Ap;, , distribution along
entire length of a common wall segment

amount of product of combustion k in upper [lower]
layer of room i

flow rate of product of combustion k in a flow slab
fire generation rate of product of combustion k

sum of product of combustion k flow rate contributions
to the upper [lower] layer of room i from all plumes,
jets, sources, etc.

a product k flow rate to the upper [lower] layer

0, flow rate in a flow slab

rate of 0, generated by the fire

absolute pressure

absolute datum pressure

P at yy

absolute pressure in room i

p at elevation yFLOOR,i in room i

dimensionless Qsouaca’ Eq. (3.2.7)

total energy-release rate of the fire

enthalpy flow rate in a flow slab

(1 - 2)Q

(1 - 2p)Q

sum of enthalpy plus heat transfer plus energy release
flow rates to the upper [lower] layer of room i from

all plumes, jets, sources etc.

a flow rate of enthalpy, heat transfer, and/or energy
release to the upper [lower] layer of a room

gas constant

duct flow resistance for forward [backward] flow
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DUCT

PEN

TPLUME

U,i

VDUCT

. .

VDUCT, 1 [VDUCT,Z]
VF
v

F,J

VWIND

g

M

<>

G

indicator of flow direction, Eq. (3.4.2)
absolute temperature of flow in the duct

absolute temperature of a flow slab as it penetrates
the receiving room

average temperature of fire plume gases at layer
interface

absolute temperature of the layer in the receiving
room which includes the elevation yg;,j

absolute temperature of upper [lower] layer in a room
absolute temperature of upper [lower] layer in room i

absolute temperature in room 1 [room 2] at the
elevation of a vent flow slab

volume of the room i
volume of upper layer in room i
volume flow rate through a fan/duct system

volume flow rate through fan/duct system if its source
is room 1 [room 2]

volume flow rate through the fan

volume flow rate corresponding to point J on the fan
curve

velocity in a flow slab as it enters receiving room
wind speed

Eq. (3.3.12)

w at y

1 - ¢

X at y

arbitrary elevation within a room of interest above
datum elevation

is an arbitrary fixed value of y within a room
mid-elevation of flow slab
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YeeErL
YeEIL, i
JYFIRE
YFLOOR
JFLOOR, i

YLAYER

YLAYER, i

Yuin [Yuax]

Yn

YREF

Ysvas

YsYsSTEM, i

Yvror [Yvsor!

z

Yvror [Yvsor!

Y
Ap

APapg,1 [BPapy, 2]

APpyct

APenTRY

elevation of ceiling of a room above datum elevation
elevation of ceiling of room i above datum elevation
elevation of fire above datum elevation

elevation of floor of a room above datum elevation
elevation of floor of room i above datum elevation

elevation of layer interface of a room above datum
elevation

elevation of layer interface of room i above datum
elevation

minimum [maximum] bounds for y of a vertical vent
between two adjacent rooms, Eq. (3.3.5)

elevation N, above the datum elevation, where a Ap, ,
distribution has an endpoint or a zero

reference elevation above datum elevation
characteristic elevation of a flow slab

elevation above datum elevation of the midpoints of
the inlet and outlet end-points of the fan/duct system
in room i

elevation, above a datum elevation, of top [bottom] of
a vent

elevation of layer interface above fire

elevation, above a datum elevation, of top [bottom] of
a vent

C,/C,

Apy ,

adjusted pressure difference for fan/duct flow from
room 1 [room 2], Eq. (3.4.25)

pressure drop across the duct, Eq. (3.4.2)

pressure drop across the duct entrance region
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ApF

App 5

APr  soLw

APy | g
Apy
APsysTEM
Apy 2

ATEPS

ATPLUME

Ap

)

SPpycr
6PriooR, i
Spyll [5PF,2]

Spi

6PQUIESCENT [SPWIND]
6PreF

SPREFNEW

5PSYSTEM,1 [5PSYSTEM,2]

cross-fan pressure difference, Eq. (3.4.1)

cross-fan pressure difference corresponding to point J
on the fan curve

value of ApF for a valid solution to the fan/duct flow
problem

solution to f(Ap; ,) = 0, Eq. (3.4.24)
Ap at yy

6PsystEM,1 - §PsysTEm, 2

P; - P, at a specified y

minimum temperature difference required for layer
initiation

'TPLUME - T

PL - Py

Eq. (2.2.1)

pressure, relative to the datum pressure at a location

somewhat inside the entry region of a forced
ventilation duct

PrrLoor,i - Ppartum

pressure, relative to the datum pressure, measured at
fan inlet [outlet] section

Pi - PrrLoor,i

outside pressure, relative to the datum pressure,
local to the vent in a quiescent [wind] environment

pressure of ambient, relative to datum pressure, at
elevation yppp

new value for 6Prgr+ EqQ. (4.5.2)

pressure, relative to the datum pressure, measured at
fan/duct system inlet [outlet] endpoint

Ap/p,
€ at y
a constant, Eq. (3.3.23)
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p
Pams
Ppuct

PpucT, 1 [Pnucr,z]
PPEN

Py [pL]
Py, i [pL,i]

P1 [pz]

subscripts
iREC

iFR

iTo

effective fraction of Q radiated from the combustion
zone and the plume

total fraction of Q lost to the bounding surfaces of
fire room

fraction of a penetrating flow slab’s "enthalpy of
buoyancy" [see Eq. (3.3.42)] transferred to the
surfaces of the receiving room

density of the layer at ¥

density of ambient

density of flow in the duct

density of flow in the duct if its source is room 1
[room 2]

density of a flow slab as it penetrates the receiving
room

density of upper [lower] layer in a room
density of upper [lower] layer in room i

density in room 1 [room 2] at the elevation of a vent
flow slab

index of room receiving a flow slab

index of room from which fan/duct system flow is
extracted

index of room to which fan/duct system flow is
delivered
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APPENDIX - Derivation of the Generic Equation Set for An Arbitrary Room

Consider an arbitrary room i of a simulated facility. Define V, as the fixed
volume of the room and Vy ; as the changing volume of its upper layer, i.e.,
v, - Vy, ; 1s the volume of the lower layer. Also, consistent with the
definitions in Section 2.1, MU,i’ ML’i and Pk,U,i’ Pk’L’i are defined as the
total instantaneous mass and amount of product of combustion k in the upper

and lower layers, respectively.

In this Appendix, the generic equation set for the room will be derived in
terms of the solution variables My 0 M Pooy i Bep i» Vy ;, and

s i

SpFLOOR,i‘

Conservation of Mass:

Conservation of mass in the upper and lower layers requires that

dMy ;/dt = MU,i (A.1)

My, /de = M (A.2)

Consistent with the definitions in Section 2.1, the terms MU,i and ML,i on the
right hand side of Eqs. (A.1) and (A.2) each represent the sum of individual
mass flow rate contributions to the layers from all plumes, jets, sources,
etc. (po§itive value§ mean net rate of flow is into the layer). The terms

Po vy iy Py i» and Q; ., Q i» to be introduced below, will represent
analogous product and enthalpy flow rate contributions, respectively.

Conservation of Energy:

Conservation of energy in the upper and lower layers requires that

d[My ;C, T, ;]/dt + Prroor, 1 dVy ;/dt = QU,i (A.3)

afM, ,C, T, ;])/dt - Prroor,: 4Vy ;/dt = QL,i (A.4)

where C, is the specific heat at constant volume, assumed here to always have
a constant value associated with a perfect-gas model of air: PrrLoor,; 1is the
assumed-uniform absolute hydrostatic pressure at the floor elevation of the
room; and, with the use of the approximation of Eq. (2.2.3), the right-hand
terms on the left-hand sides of Eqs. (A.3) and (A.4) represent the rate at
which pressure forces do work on the moving layer interface.
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Conservation of Products of Combustion:

Conservation of product of combustion k in the upper and lower layers requires

dP, , y/dt = B 4 (A.5)

dP, , ;/dt = B | (A.6)

Equation of State and the Layer Densities, Temperatures, and Concentrations of
Products of Combustion:

Applying uniformly the equation of state for air and using again Eq. (2.2.3)
leads to

PrLoor,i — Pu,iTy,:R = Py, Ty iR (A.7)

where R is the gas constant for air and py ;, and py ;, the density of the
upper and lower layer, respectively would be computed according to their
definitions from the solution variables MU,i' ML'i, and Vu,i (an explicit
equation for V; ;, is presented below).

Py, i =My, i/ Vy s (A.8)

PL,i = M /(Y- Vy, 1) (A.9)
Having computed the densities, the absolute temperatures of the upper and
lower layer, T; ; and T; ,, respectively, can be computed from the solution
variable Ppygog, using Eq.- (A.7).

Ty,i = Prroor,:/ Py, sR) (A.10)

T, i = Prroor, i/ (AL, :iR) (A.11)

Finally, ¢, y ; and ¢, | ;, the concentration of product k per unit mass of
the upper and lower layer, respectively, is related to the solution variables
My 3o Mg 30 Py Pkkl_'i according to
Cpou,i = Peu, i /My (A.12)
Ceor,i = Be,n, /M s (A.13)
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Deriving Equations for the Solution Variables PrrooR, s —and VU'i OL Vi ayggr,;:

Using Eq. (A.7) with Eqs. (A.8) and (A.9) to replace MU,iTU'i and M ;T ; in
Eqs. (A.3) and (A.4) leads to

(CV/R)d[pFLOOR,iVU,i]/dt * PrLoor,:14Vy ;/dt = QU,i (A.37)

(CV/R)d[pFLOOR,i(Vi‘_ Vy,1)1/de - Prroor, :dVy, ; /dt = QL,i (A.4")
Now add Eqs. (A.3’) and (A.4') and use the result to replace Eq. (A.4')
dPrroor, /4t = [R/(C,VII(Q, , + Q ) (A.4'")
Expanding Eq. (A.3’') leads to
(CV/R)VU,idpFLOOR,i/dt +(CV/R)pFLOOR,idVU,i/dt + Prroor, 1 dVy, ;/dt = QU,i

Collecting coefficients of dVy ;/dt in the above and using Eq. (A.4'') results
in the following equation for Vy,; which is used to replace Eq. (A.3"):

dVy ;dt = [(1 - VU,i/Vi)QU,i - (VU,i/Vi)QL,i]/[pFLOOR,i(l + C,/R)]

(A.3"")
Introducing vy, the ratio of specific heats,
vy =¢C,/C, =1+ R/C, (A.14)
Eqs. (A.3'') and (A.4'') are written finally as

dVy 5 /dt = [(v-1)/(WPproor. ;)] (L - Vo, /VOQy ;- Vg, /Y ]
(A.3“')

dpFLOOR,i/dt = [O-D/V 1y, + Qo) (A.4"7 1)
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For rooms i of a facility with horizontal sectional areas, A, which are
uniform with elevation, (i.e., for rectangular rooms with vertical walls and
for other right cylindrical rooms), Eq. (A.3''’) can be written in terms the
solution variable y;,ygp ;. the elevation of the interface separating the
upper and lower layers, instead of V; ,. Thus, if

V., = A; (Ycerring,i - YFLOOR,:) (A.15)

Vo, i = Ay (YeprLine,s - YLAYER, 1) (A.16)

where Yeprping,: 8N4 Yppoor,: 2Tr® the fixed elevations of the ceiling and

floor, respectively, then Eq. (A.3'’’) can be replaced by

dypaygr, /9t = [(v-1)/(¥Prroor, 1 Vi) 1 [ (VeerLiNG, s - Yiaver, 10,1 -
(YLaver,i - yFLOOR,i)QU,i]

(A'3I'II)
The Generic Equation Set:

The final set of generic equations for the solution variables MU,i’ M o,

Vi i+ PrLOOR, i Pe oy, i and P | is Eqs. (A.1), (A.2), (A.3''"), (A.&"'"),
(A.5), and (A.6), respectively. Also, the derived variables Py, i

PL v Ty, i T iv Cx,u, i and ¢, | ,; are computed from Eqs. (A.8)-(A.13).

For right cylindrical rooms where Eqs. (A.15) and (A.16) are satisfied, the
Variable y; ,ypp,; can be used instead of the variable V; ,, in which case Eq.
(A.3''') is replaced by Eq. (A.3'''").

The Perturbation-Pressure Variable:

—_— e e S e RS

Typical fire scenarios involve pp qqog, ; Values which vary a relatively small
amount from a datum absolute pressure, Pp,rym- FOT example, if pp,apyy In a
problem is taken as the local atmospheric pressure at ground elevation, of the
order of 105 pascals, then typical variations of the ppyqog, ;S from pp,rym
will only be of the order of 102 or less. For this reason, a new transformed
pressure variable,

6PrLoor,i = Prroor,i - Ppatum (A.17)
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will lead typically to a higher level of accuracy in the computation of

Prroog, 1 - The perturbation-pressure variable 6PrLoor,: 1S adopted as a new
solution variable to replace PrLooRr i -

The generic equation set using the perturbation-pressure is presented in
Section 2.3.
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Figure 2.1. The two-layer environment for an arbitrary room of a multi-room
facility.
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Figure 3.2.1. A room of fire origin.
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Figure 3.2.2. Configurations for the fire, the plume and the elevations of
interface and ceiling.
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The fire-generated enviromment in two adjacent rooms.
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Figure 3.3.3. Possible distributions of Ap; , = P, - p, for a single vent and
the flow directions of its uniform-property flow slabs.
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Conditions In adjacent
pair of rooms

Y

COMWL1

. N
|

Pressures and pressure
drops across the common DELP
wall segment

Y 7

— 3!  VENTHP e

Number and
characteristics of the
uniform-property flows
through the vent

Calculate for all vents of -
common wall segment FLOGO2

Vent flow contributions
to rates of mass,
enthalpy, and products
flowing to the upper and
lower layers of each
room

Figure 3.3.4. Use of the algorithms DELP, COMWL1l, VENTHP, and FLOGO2 to carry
out rates of exchange of mass, enthalpy, oxygen, and other products of
combustion through vertical natural vents of a multi-room facility.
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Figure 3.4.1.
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fan/duct system.
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Figure 3.4.2. A sketch of a generic fan operating curve which increases
monotonically in volume flow rate with decreasing cross-fan pressure
difference.

82




ROOMIFR L —— i Il

Y ———

CEILING,1

y
y 1
LAYER,1 SYSTEM,1

y FLOOR,1

IS/ /77 7datum elevation /7 /S 7/ S/ 4

Figure 3.4.3. An illustration of the flow entering the duct in room iFR when
the layer interface is between the top and bottom of the vent opening.
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Figure 3.4.4. Graphical presentation of the problem of solving Eq. (3.4.24)
and finding the direction and flow rate through a fan/duct system.
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Figure 3.4.5. Graphical presentation from Figure 3.4.4 of the four classes of
solution for flow rate through the fan/duct system: (a) single forward-flow
solution and no backward-flow solution, (b) single backward-flow solution and
no forward-flow solution, (c) one forward-flow solution and one backward-flow
solution, and (d) no solutiomns.
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Conditions at two
end-points of fan/duct

system and
characteristics of system
If flow is
VENTF <€ ~unspecified — > FANRES

Direction and properties
of fan/duct flow as it
enters and exits fan/duct
system

e FLOGO2

Forced vent
contributions to rates of
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upper and lower layers
of rooms joined by the
fan/duct system

V

Figure 3.4.6. Use of the algorithms VENTF, FANRES, and FLOGO2 to carry out
rates of exchange of mass, enthalpy, oxygen, and other products of combustion
through fan/duct forced ventilation systems connecting two rooms of a multi-
room facility.
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