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Abstract

Rapid activation of fire protection systems in response to a growing fire is one of the
important factors required to provide for life safety and property protection. Airflow due
to the heating, ventilating and air conditioning (HVAC) system can significantly modify
the flow of smoke along the ceiling and must be taken into consideration when a
particular system is designed. At present, the standards used to guide the design of
systems contain very little quantitative information concerning the impact of airflow
produced by HVAC systems. This project is part of a multi year, International Fire
Detection Research Project sponsored by the National Fire Protection Research
Foundation (NFPRF), and it describes the results of a series of numerical simulations of
smoke movement in response to HVAC flows resulting from slot diffusers, slot returns
and rectangular returns. The computer model calculated activation times throughout the
fire driven flow field.

1. Introduction

Rapid activation of fire protection systems in response to a growing fire is one of the important factors
required to provide for life safety and property protection. Airflow due to the heating, ventilating and air
conditioning (HVAC) system can significantly modify the flow of smoke along the ceiling and must be
taken into consideration when a particular system is designed. At present, the standards used to guide the
design of systems contain very little quantitative information concerning the impact of airflow produced
by HVAC systems.



A multi year, International Fire Detection Research Project sponsored by the National Fire Protection
Research Foundation (NFPRF) was established to provide quantitative information on the impact of
beamed and sloped ceilings, and HVAC flows on the distribution of heat and smoke during a fire. During'
the first year of the project, validation simulations were made to compare the results of numerical
modeling with the experimental data of Heskestad and Delichatsios [1], and additional simulations of
smoke movement under level, beamed ceilings were made [2]. During the second year, numerical
simulations of smoke movement in response to sloped, beamed ceilings were made [3]. This report
describes the results of the third year of the project during which numerical simulations of smoke
movement in response to HVAC flows resulting from slot diffusers, slot returns and rectangular returns
were studied. Mass densities of smoke were calculated, and the computer model was modified to calculate
activation times throughout the flow field. Activation mass densities were selected so that they would
correspond to the activation temperature rise used in prior years for fires in open plan rooms with
different ceiling heights (figure 1). Simulations of smoke movement including HVAC effects were made
for the small room, medium room and open plan room shown in figure 2.

While there are many different types of HVAC diffusers and returns, resources limited the scope of this
effort to slot diffusers and returns, and rectangular returns. These are the common types found in
commercial properties when used in variable air volume HVAC systems. Variable air volume systems
are popular for their energy efficiency and comfort features. Other types of diffuser or return may have
a different impact on detector performance, but these would need to be studied. Alternatively, the
techniques developed in this research could be used with commercial CFD models to design systems for
specific buildings which account fully for such interactions.

2. Modeling Approach

The commercially available computational fluid dynamic (CFD) model CFDS-FLOW?3D release 3.3 was
used to perform the numerical simulations. This release is an upgrade of release 3.2.1 which was used
for the simulations of the second year of this project, and the only upgraded features relevant to the
simulations of this study consist of simplified data input.

A detailed description of computational fluid dynamics modeling is beyond the scope of this report. The
non-mathematical descriptions in the following sections are intended to provide an explanation of the
assumptions of the simulations of this paper and to provide insight for those not familiar with the field.
The CFDS-FLOW3D User Manual [4] provides the exact equations and mathematical definitions that
apply to these simulations. For more information about CFD modeling, readers are referred to
[51[61071[8]1[9]. References [10]J{11][12][13][14] provide general
information about fluid dynamics.

2.1 CFD Concept

The CFD modeling consists of dividing the flow field into a collection of small rectangular cells, and
determining the flow at each cell by solving numerically the governing conservation equations of fluid
dynamics. Boundary conditions are prescribed for walls, floor, ceiling, HVAC supplies, HVAC returns,
openings to the outside, and planes of symmetry. For this project, all the CFD simulations were unsteady,
using the calculated properties from one time step to calculate those of the next time step. At the start
of a simulation, each cell can be set to zero flow conditions or conditions read into the computer from
a previous simulation. Zero flow conditions consist of zero velocity and ambient pressure and
temperature. To generate fire induced flows, heat is released in several control volumes over time.



The governing equations of fluid dynamics describe the motion of fluid throughout the flow field. These
equations are: (1) conservation of mass, (2) conservation of momentum, (3) conservation of energy. The
mass conservation equation depends on the concept that matter is not created or destroyed for the
processes of interest in fluid dynamics. The momentum conservation or the Navier Stokes equations are
equivalent to Newton’s second law of motion. The energy conservation equation is equivalent to the first
law of thermodynamics. In addition to these conservation equations, the ideal gas law relates density,
pressure and temperature. The conservation equations are expressed mathematically as a set of
simultaneous, non-linear partial differential equations. This set of equations is solved numerically for each
cell to simulate the motion of fluid.

2.2 Turbulence

The flow equations alone can be used to simulate the effects of turbulence on a scale larger than that of
the cells. However, use of the flow equations alone cannot account for turbulence on a scale smaller than
the cells. Turbulence modeling was developed to account for movement and mixing effects inside the
cells. In such models a number of empirically developed partial differential equations are added to the
flow equations which are solved for each cell and for each time step. Because turbulence models account
for turbulent effects inside the cells, the number of cells needed for a particular application can be
reduced.

The turbulence model used for this work is the k-¢ model developed by Launder and Spalding in the early
seventies [15]. This is probably the most extensively used turbulence model. Additional information
about this model and the specific values of empirical coefficients used for this project are provided in
appendix A.

2.3 Heat Transfer

The solid surfaces (walls, floor and ceiling) were considered to be adiabatic. This assumption was
evaluated for year 2 of the project, and it was shown that neglecting heat transfer to solid surfaces
resulted in negligible variations in activation time (year 2 report figure 11). These calculations were for
gypsum wall board. For wall materials that are nearly insulating, the boundary surface temperatures will
rise quickly to the gas temperature, which reduces heat transfer. The time period over which a parcel of
gas is in contact with a solid surface is on the order of seconds. Thus it was concluded in year 2 that the
adiabatic assumption concerning fire gases and the solid surfaces is reasonable. This year 2 approach did
not include HVAC jets, but the reasoning above can be extended from fire gases to HVAC jets as the
Jets are of lower temperature.

Radiation effects were not included explicitly in the calculation except that only a fraction of the heat
release rate was assumed to contribute to convective heating of smoke and air. The rest of the heat was
considered to be radiated away. The radiative fraction was taken to be 0.35 for all three years of the
project.

2.4 Area Modeled and Gridding

A number of grids were needed to represent the three room sizes and the combinations of HVAC supplies
and returns. The total number of grid cells ranged from 11,000 for the small room to 30,000 for the open
plan room. Figure 3 (a), (b) and (c) show typical grids used for the simulations of the small, medium and
open plan rooms. These grids have smaller spacing at locations where more flow detail is needed: the



fire, the slot diffuser, and the slot returns. A geometric progression of grid spacing was used to make
the grid cells smallest near to the ceiling where the flow effects are of greatest interest.

The selection of the area modeled for the open plan simulations was influenced by the desire to obtain
realistic flow at the edge of the area of interest. In a real open plan room, the ceiling jet of combustion
gases and HVAC diffuser jet continue to flow under the ceiling for a considerable distance. The common
experimental approach for this type of flow is to have a much larger ceiling area than the area of specific
interest, so that the edge effects are away from the area of interest. This same approach was used for the
open room simulations as can be observed from figure 2 (c). Figure 3 (c) is the grid plan of the area of
detailed simulations for one of the open plan simulations.

2.5 Initial Conditions

For any time dependent analysis, conditions at the start of the simulation must be defined. The initial
velocities need to be established for each cell, and the default condition is zero velocity. This zero
velocity condition was used for the mass density calibration simulations discussed later.

For the simulations that included HVAC supplies and returns, the initial conditions describing the flow
resulting at every cell are so intricate that the practical way of determining them is by use of the CFD
model. For these simulations an initial condition simulation was made without a fire but with the same
gridding and boundary conditions. The initial condition simulations had initial zero velocity and had a
duration sufficient for development of a stable supply jet up to 3 m (10 ft) from the supply outlet!. The
velocity and other properties® was written to a file at the end of the initial condition simulation, and the
data in this file was read as the initial conditions for the start of the simulations discussed in this paper.

2.6 Boundary Conditions

In any fluid flow analysis, conditions at the boundaries of the flow field need be defined. For the
simulations of this paper, the following boundary conditions were used (1) solid surface, (2) plane of
symmetry, (3) velocity at an opening, and (4) pressure at an opening. These conditions remained constant
throughout each simulation.

At the solid surfaces (walls, floors and ceilings) the velocity was assumed to be zero. This boundary
condition is referred to as the no slip condition. The symmetry boundary can be compared to a mirror
in that it is as if the flow in the flow field were reflected by this boundary. As with a solid surface there
is no flow through a symmetry boundary, but there can be flow at a symmetry boundary provided that
the direction of such flow is in the plane of the boundary.

Test runs were made for several simulation durations. For the slot supply of this project, it was found
that a duration of 30 seconds was sufficient to generate a stable supply jet.

2These other properties consist of temperature, pressure, effective viscosity, kinetic energy of turbulence,
and turbulent dissipation rate. For the initial condition simulations of this project, the calculated values
of temperature and pressure do not vary much from ambient. The last three properties are particular to
the k-e model (appendix A).



Both velocity and pressure boundaries can be used where mass is to enter or leave the domain. The
domain is the region of space for which the simulation is made. Velocity boundaries are used to define
the velocity entering or leaving the domain.

For pressure boundaries, the pressure is defined by the user and the CFD model calculates the velocity.
For the HVAC returns in the small and medium rooms, the returns were modeled as pressure boundaries
at atmospheric pressure. Using pressure boundaries for returns has the advantage that the velocities at
the return incorporate the effects of the room airflow due to the HVAC supply and the fire.

In order to simulate the complicated flows in and out of the large open boundaries of the open plan room
[figure 2(c)], pressure boundaries were needed. However, using pressure boundaries for these large open
areas resulted in difficulties concerning use of pressure boundaries for the HVAC returns. The pressures
assigned to the large open areas and to the HVAC returns would need to be such that the desired flows
occurred at the HVAC returns. The CFD model could be used to determine such pressures at these
boundaries without a fire. However, fire induced pressure changes near the return could result in
significant error in return airflow.

Velocity boundaries were used to model the flow returns for the open plan room simulations. This
consisted of assigning a velocity for the return assuring realistic return flows. The return velocities were
selected so that the volumetric flow of return air equaled the volumetric flow of supply air for the
domain. A general HVAC design rule is that the location of a return has almost no effect on room air
distribution, provided that the supply is not blowing directly into a return. In the beginning of year 3,
it was erroneously thought that this rule could be extended to indicate that returns have an insignificant
effect on detector activation. Because the industry rule is so strongly and universally held, it was felt that
any errors in CFD simulated velocities in the vicinity of the return would not have a significant effect
on detector activation. As will be discussed later, the results of the open plan simulations cast doubt on
this early position.

2.7 Fire

For all of the simulations discussed in this report the fire was the same as the one used for year 2 of this
project. This fire was a medium growth t-squared fire which was designed to reach 1055 kW (1000 Btu/s)
in 275 seconds [16]°. A t-squared fire is one that has a heat release rate that increases with the
square of time. In year 1, it was shown that the results were not sensitive to the fire growth rate. The
fires were simulated to 100 kW which occurs at 84.75 seconds after ignition®.

The fire was modeled by releasing energy over several grid cells. As in prior years, the number of cells
occupied by the fire was varied during the simulation such that the heat release rate per unit volume
would not exceed 2.6 kW/m? (0.070 Btu/s ft3). The fire was situated at various locations on the plane

3This t-squared fire was used for consistency with prior years, but it could be argued that a step fire
going from zero to 100 kW at the start of the simulation could provide the same relative information
about detection with a much shorter simulation time.

“For this fire 100 kW is reached at 84% seconds. Because the simulation time step was 0.25 seconds, the
fire was actually simulated for 84.75 seconds at which the heat release was 100.2 kW.

5



of symmetry. To account for radiative losses from the fire to the walls and ceiling, the heat release
prescribed for the fire was reduced by 35 % [17].

As with the earlier years, the fire does not include the mass released into the flow field due to the
combustion process. This is consistent with most fire models that assume that such mass release is so
small in comparison to the total fire plume flow that this mass release can be neglected.

To study the impact of various fire locations relative to HVAC supplies and returns, the fire above was
used for fire at all locations. The same fire was used to provide a comparable generation of fire gases
for all the simulations. However, this should not be taken to indicate that materials are expected to burn
the same way when they are away from walls or near a wall. Because of reradiation from hot walls, it
is expected that the same fuel package would burn faster when near a wall that it would away from walls.
Attempting to use a different fire growth near walls would probably not result in improved insight, and
using the same fire for all simulations allows comparison of results from different simulations.

2.8 Smoke Generation and Movement

The movement of smoke was simulated by a species mass fraction approach by using the scalar equation
feature of the CFD model. This mass concentration calculation can be explained by analogy to water flow
visualization by dye injection. To prevent the dye from affecting the water flow, the flow rate of the dye
is small in comparison to the water flow. The dye flows downstream and mixes with the water.
Downstream of the injection point, the dye can be observed, and dye concentration can be measured. The
dye injection rate can be constant or it can vary with time. If the injection rate is multiplied by a constant,
the dye concentration at every point in the flow field will by multiplied by that same constant (provided
that the injection flow rate is still relatively small).

In the CFD model, the species generation rate corresponds to the dye injection rate, and the mass density
of species corresponds to the dye concentration. The species calculation is a perfect idealization of the
dye injection experiment in the respect that the species generation rate adds no mass to the flow field.
Thus a species calculation has absolutely no impact on the simulated flow field. As with the dye
experiment, multiplication of the species generation rate by a constant results in multiplying the mass
density at every point in the flow field by that same constant. Because this species calculation adds no
mass to the flow field, this relationship between species generation and mass density is exact.

The species mass fraction approach is appropriate to simulate the flow of any species provided that the
mass generation of the species and the differences in properties (specific heat, thermal conductivity and
gas constant) due to the addition of species have an insignificant effect on the fluid flow. Two
assumptions that are fundamental to most fire modeling are (1) that the mass released into the flow field
due to the combustion process is so small in comparison to the total fire plume flow that this mass release
(or mass generation ) can be neglected, and (2) that the differences in properties of air and those of the
mixture of air and combustion products do not have a significant effect on the flow. By these same
assumptions, the species mass fraction approach is appropriate for simulation of the gases and particulates
produced by the fire.

It should be noted that the particulate motion simulated does not simulate smoke particle aging (particulate
agglomeration and deposition).

Another way of expressing the relationship between species generation and mass density is to state that
they are normalized. The characteristics of this normalization can be summarized as:



1. Multiplication of the species generation rate by a constant results in multiplying the mass density
at every point in the flow field by that same constant.

2. The species generation and mass density are independent of units. The species generation and the
mass density can be considered dimensionless, or they can be considered as being in any
convenient units.

For this paper species generation and the mass density are considered dimensionless, with one unit of
mass being “"generated" or marked per kilowatt of convective heat released by the fire. Appendix B
provides further information about smoke generation and mass density.

2.9 HVAC Supplies

The HVAC supplies studied were ceiling mounted slot and troffer diffusers [18]. A troffer diffuser
is a type of slot diffuser located at the side of a ceiling light fixture. These diffusers were selected because
they both can result in flow that is attached to the ceiling, and have the potential to affect adversely the
performance of ceiling mounted detectors. The slot supplies had flow rates of 0.106 m*/s (225 cfm), and
the troffers had flow rates of 0.0236 m%/s (50 cfm). It was found that supply air temperature had little
effect on the HVAC jets in the region of interest for this study. Accordingly, the HVAC flow was
selected to be at ambient temperature, and the results are applicable to both heating and cooling. Further
information about the supplies is provided in appendix C.

3. Simulations

The simulations are summarized in table 1. These simulations consisted of mass density calibrations (runs
1 and 2) and room simulations with forced ventilation (runs 3 through 31). Figures 4, 5 and 6 show the
locations of the fire and the arrangements of the HVAC supplies and returns. The results of the
simulations are shown in figures 7 to 40. Most of these figures show conditions at 0.02 m (0.79 in) and
0.05 m (2.0 in) below the ceiling with the intent of providing insight into the activation times of low
profile and normal detectors. Differences between simulated results at these levels must be interpreted
with caution, because the levels are only about one cell apart, and thus the difference in simulated values
are highly dependant on the empirical turbulence model. All of the rooms had a height of 2.74 m (9.0
ft), and they had the following dimensions:

Width Length
Small Room 3.42m (11.2 ft) 4.6 m (15.1 ft)
Medium Room 4.6 m (15.1 ft) 53 m (174 ft)
Open Plan Room: |
Full Area 10.5 m (34.4 ft) 18.8 m (59.6 ft)
Open Plan Room:
Area of Detailed
Simulation 5.5 m (18.0 ft) 7.82 m (25.7 ft)



4. Mass Density Calibrations

4.1 Calibration Approach

The purpose of the mass density calibration simulations was to determine a mass density value to be used
for detector activation. In the prior years, detector activation was considered to occur at a temperature
rise of 13 °C (23 °F). There was a concern that HVAC induced flows could have an adverse effect on
this temperature based activation. To address this concern, the species mass fraction approach was used
to determine an activation mass density corresponding to the temperature rise above for an open space
without heating or cooling induced flows. Because the differential equations for mass concentration are
similar to those for heat diffusion with adiabatic walls, it is expected that the activation times calculated
by mass density should be almost the same as those calculated by temperature rise. As will be discussed
later, the simulations incorporating HVAC flows show that this expectation was correct.

These calibration simulations were for an open plan space of 12 by 24 m (39.4 by 78.7 ft) with a height
of 2.74 m (9.0 ft) for run 1 and a height of 6.7 m (22.0 ft) for run 2 (figure 1). The initial conditions
for these simulations were zero flow with ambient properties throughout the flow field. Because of
symmetry, only half the volume needed to be included for all of the simulations.

FORTRAN code was added to the CFD model to calculate and store the temperature based activation
time and the corresponding mass density at every cell in the flow field. This code checked the cells at
the end of each 0.25 second time step, and the first time that the temperature rise exceeded 13 °C (23
°F), the activation time and the corresponding mass density were calculated by linear interpolation using
the appropriate values at the end of this time step and the previous time step.

4.2 Calibration Results

Figure 7 shows the mass density at 100 kW from the first mass density calibration (run 1). As already
stated, the mass density is considered dimensionless for this paper. It can be observed from figure 7 (a)
and (b) that the mass density under the ceiling decreases with distance from the fire. A trend can be seen
of lower mass density at 0.05 m (2.0 in) below the ceiling than at 0.02 m (0.79 in) below the ceiling.

The temperature based activation time for first density calibration (run 1) is shown in figure 8. The
conventions used in this figure are the same as for the other figures of activation time. Figure 8(a) shows
the activation time at 0.02 m (0.79 in) below the ceiling. As expected, the farther from the fire the
greater the activation time. Activation directly above the fire took 20 seconds or less (darkest area). The
white space in figure 8(a) is where activation takes 80 seconds or more®. This convention is used for
all of the figures of activation time, and the spaces where activation takes longer than 80 seconds will be
referred to as areas of non-activation. The spaces where activation is 80 seconds or less will be referred
to as the areas of activation. The range from 20 to 80 seconds was selected to simplify the scales, and
these figures show the same trends as ones that go up to full 84.75 seconds of simulation.

31t should be noted that the irregular boundary on figure 9 between the white region (> 80 s) and the next
region (65 to 80 s) is an artifact of graphics. Similar irregular boundaries occur on most of the other
activation time plots in this paper.




There is a larger area of activation at 0.02 m (0.79 in) below the ceiling than there is at 0.05 m (2.0 in)
below the ceiling [figure 8(a) and 8(b)]. This is in keeping with the mass densities of figure 7 and the thin
activation area at the plane of symmetry as shown on figure 8(c).

Comparison of mass densities when the fire reaches 100 kW to those at the time of activation leads to
the selection of a value of mass density that can be used to define activation. Figures 9 and 10 show the
mass density at the time of activation for the two open spaces without forced ventilation. From the
calibration simulations, the range of these mass densities at activation was 13.2 to 13.8. (As already
stated, this is a normalized mass density, and it can be thought of as having any arbitrary units of mass
per unit volume.) The values of mass density at activation are small in comparison to the range of mass
densities when the fire reaches 100 kW. Figure 7 shows mass densities at 100 kW with a range of 20 to
100, but near the fire the mass density reached about 900. A smoke mass density of 13.4 was selected
as the activation value for the rest of the simulations. For the rest of the paper, unless otherwise noted,
activation time is the time required to reach this activation mass density. As previously stated, this mass
density activation is equivalent to activation based on a 13 °C (23 °F) rise, and it does not apply to
activation which would occur at other temperature increases. For more information about this smoke mass
density see appendix B.

5. Observations

Most of the room simulations resulted in areas of non-activation near the HVAC supplies, and tables 2
and 3 list the distances from the supplies to the area of activation at 0.05 m (2.0 in) below the ceiling.
With a few exceptions addressed below, the areas of non-activation at 0.02 and 0.05 m (0.79 and 2.0 in)
below the ceiling are the same, and the selection of values 0.05 m (2.0 in) below the ceiling for the tables
was to provide information for comparison among simulations.

5.1 Mass Density Calibrations

Observation 1 For the open plan rooms of the mass density calibrations, the activation times at 0.02 m
(0.79 in) below the ceiling are noticeably smaller that those at 0.05 m (2.0 in) below the ceiling (figure
8). This is consistent with the experimental results of Marrion [19], and indicates that for open plan
rooms without forced ventilation, the activation time of low profile detectors is potentially less than that
of normal detectors.

5.2 Enclosed Room Simulations

Observation 2 For the enclosed room simulations, the activation times at 0.02 m (0.79 in) below the
ceiling are very similar to those at 0.05 m (2.0 in) below the ceiling. This can be observed for all the
enclosed room simulations (figures 11-30). The areas of non-activation are almost identical. The
differences in the activation distances at these two levels below the ceiling were generally much less than
0.1 m (0.3 ft). This indicates that for the enclosed room simulations of this study with forced ventilation,
that the activation time of low profile detectors is expected to be the same as that of normal detectors.

Observation 3 When a fire is located below or nearly below a return, there is a tendency toward
increased non-activation distance in front of the slot diffuser. This can be illustrated by observation of
the simulation results listed in table 2. Examination of runs 3 to 6 illustrates this. This group of similar
simulations are separated by dotted lines on this table, because room geometry and the HVAC supply and
return are the same for all of them. The only difference is the location of the fire. Run 3 has the smallest



horizontal separation between the fire and the return of 0.3 m (1.0 ft), and this simulation has the greatest
non-activation distance of 0.6 m (2.0 ft) in front of the slot diffuser. Run 4 has a little larger separation
of 0.4 m (1.4 ft) and a little smaller non-activation distance of 0.5 m (1.6 ft) in front of the slot diffuser.
Run 5 has a much larger separation of 2.1 m (6.9 ft) and a much smaller non-activation distance of 0.1
m (0.3 ft) in front of the slot diffuser. Examination of table 2 shows that for every group of similar
simulations for enclosed rooms (runs 3 to 22), the non-activation distance in front of the supply is largest
for fires nearest the return. This is probably due to hot gases from the plume entering the return and not
contributing to the ceiling jet.

Observation 4 Many of the enclosed room simulations resulted in areas of non-activation to the side of
the diffuser. The largest distance of non-activation on the side was 0.2 m (0.7 ft) for runs 3, 15 and 16
(table 2). The reason for this maximum value is that the these areas of activation reached the wall of the
room (figures 11, 23 and 24). For these three simulations the fire was also near the return, indicating that
this is also a factor in the size of side non-activation area.

Observation 5 When a fire is located below or nearly below a return, there is a tendency toward
decreased activation layer depth under the ceiling. The most striking example of this is run 22, where
the return is almost directly over the fire. For this simulation, the depth of activation area under the
ceiling is 0.3 m (1.0 ft) as shown on figure 30(c). The similar simulations (runs 19, 20 and 21) with fires
further from the return had activation depths from 0.8 to 1.1 m (2.6 to 3.6 ft) as shown on figures 27(c),
28(c) and 29(c).

This effect is also noticeable for runs 14 and 15 [figures 22(c) and 23(c)], which both had fires near
returns and had activation layer depths of about 0.6 m (2.0 ft) while their similar simulations [figures
19(c), 20(c), 21(c), 24(c), 25(c) and 26(c)] had activation depths from 0.8 to 1.1 m (2.6 to 3.6 ft).

These simulations with low activation depths (runs 14, 15 and 22) are the ones that had large non-
activation distances in observation 3. This reinforces the belief that when the fire is under the return hot
gases from the plume enter the return and do not contribute to the ceiling jet.

Observation 6 In many simulations, airflow in the enclosed room caused by the HVAC system deflected
the plumes during the early stages of development. This effect can be observed in the simulations where
the fires that were away from walls [for example run 5; figure 13(d)] where the dark activation region
(20 seconds and less) is bent over toward the supply slot.

The air flows calculated as initial conditions consist of the supply jet attached to the ceiling and a low
velocity flow towards the supply from the floor and nearly up to the ceiling jet. During the early fire
development, the heat generated was carried by the HVAC induced flows and resulted in this pattern of
the dark activation region. This pattern also occurred in runs 9, 13, 17 and 21 [figures 13(d), 17(d),
21(d), 25(d) and 29(d)]. As this effect occurs low in the room, furniture or other objects in a room could
interfere with airflow and have a different effect on early plume flow.

5.3 Open Plan Room Simulations

Observation 7 In some of the open plan simulations near the HVAC supplies, the areas of non-activation
were larger at 0.05 m (2.0 in) below the ceiling than at 0.02 m (0.79 in) below the ceiling. Observation
of run 29 (figures 37) shows that at 0.05 m (2.0) below the ceiling, the non-activation distances in front
of the supplies and troffers were about 0.1 or 0.2 m (0.3 or 0.7 ft) larger than they were at 0.02 m (0.79
ft) below the ceiling. Similar observations can be made for runs 23, 24 and 25 (figures 31, 32 and 33).
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This indicates that for open plan rooms with forced ventilation, the activation time of low profile detectors
can be the same or slightly faster than that of normal detectors.

Observation 8 The non-activation areas were much larger for the open floor plan simulations than they
were for the enclosed room simulations. Table 3 shows that the non-activation distance in front of the slot
diffuser ranged from 1.1 to 3.3 m (3.6 to 11 ft) for the open rooms and from 0 to 1.0 m (0 to 3.3 ft) for
the enclosed rooms. Also from this table it can be seen that the non-activation distance of the side of the
slot diffuser was 0.6 m (2.0 ft) for all the open rooms and ranged from 0 to 0.2 m (0 to 0.7 ft) for the
enclosed rooms. For run 31, there is very little activation area shown on figure 39, but there was
considerable smoke flow and activation area outside of the area of detailed simulation (not shown).

It is well known that in room fires, a smoke layer forms under the ceiling. The enclosed room simulation
generated such smoke layers as can be seen from the many of the figures [for example figure 11(c) and
(d)]. In the enclosed room simulations, the HVAC jets entrained smoke from this layer, and activation
within spaces of the jets resulted. In the open plan simulations, the ceiling space was so large that no
smoke layer formed beyond a thin ceiling jet of fire gases. The effects of this ceiling jet can be observed
from the activation time of many of the figures. For example figure 33(c) and (d) shows a thickness of
activation area under the ceiling of about 0.2 m (0.7 ft). With such thin smoke layers, the amount of
smoke entrained into the HVAC jets is insignificant.

Observation 9 Areas of non-activation at some of the returns in the open plan room simulations were
unexpected and cause concern about the appropriateness of the simplified return model (constant upward
return velocity). The rectangular returns located on the plane of symmetry were most notable (runs 26
to 30; figures 34 to 38). It may be that the simplified return model has resulted in unrealistic flows in
the vicinity of the return, and further study is needed.

5.4 Activation Approaches

Observation 10 As expected for the conditions of this study, the activation time calculated using mass
density is almost the same as that calculated using temperature. This is illustrated by comparing activation
times for runs 16 and 26 (figure 40). Close examination is required to see slight differences between the
temperature based activation and the mass density based activation. As previously stated, the mass density
based activation was calibrated at 13.4 for the conditions of this study and this was chosen to be
equivalent to a 13 °C (23 °F) rise under the ceiling of an open space without forced ventilation. The
close agreement indicates that the mass density approach also is equivalent to activation based on
temperature rise with forced ventilation in open spaces and in enclosed rooms. If mass density were
desired to be equivalent to a different value of temperature rise, another calibration simulation would be
needed.

Mass density activation was examined because of concern that the temperature based activation might be
inappropriate for simulations including forced ventilation. However, agreement between the two activation
approaches indicates that this issue should not be of concern provided that the walls are adiabatic and the
HVAC jets are at ambient temperature as they were in this study. Further, the agreement between the
two activation approaches indicates that temperature can be thought of as a good tracer of smoke mass
density, provided that heat transfer in not significant as in the simulations of this project.
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6. Potential For Correlations

There is a desire for simple correlations that could be used in various engineering applications to relate
detector performance to physical parameters that are easy to obtain. Development of such correlations
is a complex process involving: (1) determination of relevant factors, (2) understanding of the relevant
physical mechanisms, (3) development of theoretical model, (4) experimentation, and (5) data analysis.
There is no one sequence of these efforts that will guarantee development of a useful correlation. Rather,
each application requires its own combination efforts, and the results of one effort results in refinement
of previously addressed efforts.

The factors involved with smoke detector activation consist of general factors applicable to all smoke
detection and HVAC factors that are only applicable to some detection in the presence of forced
ventilation. The general factors include heat release rate, particulate data (size, color, distribution,
refractive index), room size and shape, obstructions (beams, ducts, etc.), and heat transfer. Even after
many years of research into these areas, no generally accepted and widely applicable smoke detector
model has been developed [20].

The HVAC factors include maximum diffuser supply flow, diffuser type, return type, and fire location
(relative to diffusers and returns). In addition to these factors, all of the general factors above apply. The
use of a simplified activation model like temperature rise activation or mass density activation, reduces
the number of factors considerably. With such a simplified activation, the general factors are reduced to
heat release rate, room size and shape, obstructions (beams, ducts, etc.), and heat transfer. By restricting
application to normal building materials (no highly conductive materials like steel or aluminum ceilings)
heat transfer can be eliminated. For the enclosed rooms and open plan rooms of this project, obstructions
were not included.

At the beginning of year 3, an approach for a correlation of balancing an HVAC jet and the fire gases
in the ceiling jet was considered. Since then, the importance of the fire location relative to the supplies
and returns was learned. Fires to the side of the return deflect the HVAC jet to the side resulting in an
area of non-activation on the side of the diffuser. While balancing the HVAC jet and the ceiling jet might
result in useful correlation, considerable effort is needed, and the topic of non-activation on the diffuser
side needs to be addressed.

There is also a desire to be able to adjust the results of the simulations for conditions different from those
of the simulation. Some different conditions are: growth time, activation criteria, and building location.
A simple method to adjust simulation results for fire growth time is provided in appendix B.

The simulations all apply to activation at a 13 °C (23 °F) rise, and presently there is no way to adjust
simulation results for other activation values. However, making simulations over a range of activation
values could provide insight that could lead to a correlation.

The capability to adjust the simulation results for various building locations can be discussed, but
development of such a capability is probably not practical. It could be considered that the simulations
were intended as being for an average location in the United States in that the flow of supply air was
0.0125 m®/s per m? of floor area (2.5 cfm per ft* of floor area) which is an average value for exterior
zones of office buildings (appendix C). In general an exterior zone in a hot climate like Phoenix would
need more supply air for cooling than it would need in a less hot climate like Chicago. However, the
opposite can be said about supply air for heating. The amount of supply air also depends on building
insulation, use of insulating or reflecting glass, interior loads (heat generated by people, lights,
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computers, etc.), supply air temperature, and other specifics of the HVAC system. Some of the supply
air may come from diffusers other than the ceiling slots of these simulations, and various types of slot
diffusers are available. A highly energy conserving design may require less supply air than a typical
design regardless of the climate. Considering the number and complexity of these variables, adjusting
simulations results for building location is probably not practical.

Another approach would be to attempt a correlation based on diffuser throw. This has the advantage that
manufacturers provide throw data for many diffusers. A number of simulations could be made for various
throws, and these could be examined to find a pattern.

The HVAC system may not be operating at design conditions when a fire starts. In the last two decades,
the vast majority of new commercial buildings have had variable air volume (VAV) systems. A VAV
system is an HVAC system that controls temperature in a space by varying the quantity of supply air.
When a space is not occupied, the interior loads are low, and a VAV system will supply much less air
than the design value. Because the unoccupied space is of particular concern for smoke detection, the non-
activation distances in the simulations of this report may be considered conservative for spaces with VAV
systems.

If some correlation could be developed to estimate the flow velocity at a specified distance from a diffuser
where a detector is located, another correlation for detector response would be needed to estimate
activation. For thermally activated devices, convective heat transfer theory could yield such a correlation;
likely in the general form of the RTI equation used for sprinklers. For heat detectors this would require
an equivalent of the plunge test -- a topic currently under discussion.

For spot-type smoke detectors it might be possible to use the aerodynamic entry model originally
proposed by Heskestad [21] in combination with a means to account for the effect of air flow on the
jonization chamber such as Litton’s reduced source approximation [22]. The ionization detector’s
dependence on particle number density further means that a correlation for the dynamics of smoke
agglomeration must be included. The optical detector would be simpler since the mass density correlation
of Seader and Einhorn [23] provides a relationship to optical density and the indication that refractive
index effects are second order.

Two alternatives to correlations should be kept in mind: (1) general guidelines and (2) computer
modeling. The “3 foot rule” discussed in the next section is a general guideline. These have the
advantages that they are easy to understand and to check in the field. It is the nature of guidelines to be
conservative. As already stated, the non-activation distances in the simulations of this report may be
considered conservative for spaces with VAV systems. Considering this and the complexity of developing
correlations, the guideline approach may be best suited for code language. However, computer modeling
may have potential for a performance-based design.

As for including improved detector response algorithms into computer models, there is work ongoing.
The techniques developed in this project generally can be applied to commercial CFD codes to provide
design support for detection systems and their interaction with physical barriers and HVAC systems.
CFD modeling should be thought of as an engineering tool for cases where a design is to be pushed
beyond the guidelines. Many design engineers are using CFD for various applications. With decreasing
computer costs and increasing computer power, it can only be expected that the use of CFD modeling
in design will increase. Another possibility is the enhancement of zone models. The CFAST code
[24] contains a ceiling jet which yields lateral temperature and velocity distributions with distance
from the plume axis. If the same techniques could be used to model velocity distributions from HVAC
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diffusers, these interactions might be estimated. Unfortunately, effects from fire flows interacting with
physical barriers are much more difficult.

7. Conclusions and Discussion

The authors suggest the following conclusions from this work. The conclusions are applicable to the
interaction of detectors with slot diffusers and slot or rectangular returns as these were the only types of
diffusers studied. However, since the results are consistent with industry experience over the past 20
years it is felt that these guidelines maybe more generally applicable. Further, these results were obtained
with a specific CFD code under specific conditions of gridding and other assumptions. Other CFD
models applied to the same cases and utilizing similar gridding and assumptions should provide similar
results.

The current edition of the National Fire Alarm Code (NFPA 72) contains limited guidance on the
installation of detectors relative to the components of HVAC systems. Section 5-3.6 cautions against the
installation of detectors,
“... where air from supply diffusers could dilute smoke before it reaches the detectors.

Detectors shall be located to intercept the air flow toward the return air opening(s). This

may require additional detectors, since placing detectors only near return air openings

may leave the balance of the area with inadequate protection when the air handling

system is shut down.”

This guidance has led to a "rule of thumb" that detectors should be located no closer than 0.9 meter (3
ft) from a supply register. This work indicates that this "3 foot rule" is appropriate for the enclosed
rooms of this study. It needs to be clear that this three foot exclusion zone should include the ends of slot
diffusers as this fact would not be intuitive.

For the open plan room, this 3 foot rule seems to break down as the area of non-activation reached (3.4
m) 11 ft in front of the diffuser. It may be that the simplified return model (constant upward return
velocity) could have an effect of the non-activation areas near the supply. Further study with a more
detailed return model is needed, but it seems that the large non-activation areas in the open plan
simulations were caused by the lack of a ceiling layer, depending instead solely on the ceiling jet for
activation. This could occur in any space where the time for the ceiling jet to reach the far wall and
reflect back to the detector exceeds the activation time for the sensor. For example, for a ceiling jet
velocity of 1 m/s and sensor activation in 30 seconds, a room with a characteristic dimension exceeding
twice 30 meters should be considered an open plan room. Sensor activation time can be estimated by
determining the time at which the assumed fire growth curve reaches the design fire size as defined in
Appendix B of NFPA 72.

In nearly all cases, the activation areas at 0.02 m (0.79 in) and 0.05 m (2.0 in) were identical, indicating
that both standard and the newer “low profile” sensors should provide similar activation performance.
Even under the worst case conditions in the enclosed rooms of this study, sensors of up to 0.3 m (1 ft)
in depth should activate.

There is insufficient information to reach conclusions about the appropriateness of the concept of locating
detectors "near return air openings” mentioned in the current code. Areas of non-activation at some of
the returns in the open plan room simulations were unexpected and cause concern about the
appropriateness of the simplified return model (constant upward return velocity). Further study is needed
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with simulations of return flows extended to include simulation of the flow through the return and into
the plenum space above the ceiling. While the unexpected non-activation areas only occurred in the open
room simulations, this extended return simulation also should be used for enclosed rooms to more fully
evaluate the effect of return flows on activation.

Finally, it should be kept in mind that this work involved slot diffusers only. While these are extensively
used in commercial buildings, they produce a flow along the ceiling which is not found to this extent in
other diffuser styles. For other diffusers, more studies need to be done to see if similar results are
obtained.
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Table 1.

Summary of smoke movement simulations

ID Fire
Run Number Location Room Supply Return
1 m35.9420 1 open plan none none
2 m36.25035 1 open plan none none
3 ml5.4031 1 small slot 1
4 ml7.5257 2 small slot 1
S m22.18499 3 small slot 1
6 m23.392 4 small slot 1
7 m24.10420 1 small slot 2
8 m25.12804 2 small slot 2
9 m26.14811 3 small slot 2
10 m27.17238 4 small slot 2
11 m30.19435 1 small slot 3
12 m31.23467 2 small slot 3
13 m32.2844 3 small slot 3
14 m33.7374 4 small slot 3
15 m37.744 1 medium slot 1
16 m38.2297 2 medium slot 1
17 m41.9616 3 medium slot 1
18 m39.1395 4 medium slot 1
19 m44.12465 1 medium slot 2
20 m45.17524 2 medium slot 2
21 m46.1637 3 medium slot 2
22 m47.7006 4 medium slot 2
23 m56.20302 1 open plan slot & troffer 1
24 m57.28839 2 open plan slot & troffer 1
25 m58.1020 3 open plan slot & troffer 1
26 m61.16895 1 open plan slot & troffer 2
27 m62.7907 2 open plan slot & troffer 2
28 m63.13997 3 open plan slot & troffer 2
29 m64.1034 1 open plan slot & troffer 3
30 m65.6572 2 open plan slot & troffer 3
31 m66.10699 3 open plan slot & troffer 3
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Table 2. Non-activation distances at 0.05 m (0.20 in) under the ceiling and horizontal separation
between fire and return for enclosed room simulations

Fire to Distances of Non-Activation
Return n .
Separation Slot Front Slot Side¥
Run m ft m ft m ft
3 0.3 1.0 0.6 2.0 0.2 0.7
4 0.4 1.3 0.5 1.6 0.1 0.3
5 2.1 6.9 0.1 0.3 0.1 0.3
6 4.3 14.1 0.1 0.3 0.1 0.3
7 4.3 14.1 0.0 0.0 0.0 0.0
8 4.0 13.1 0.2 0.7 0.1 0.3
9 2.2 7.2 0.4 1.3 0.1 0.3
10 0.3 1.0 0.5 1.6 0.1 0.3
11 42 13.8 0.0 0.0 0.0 0.0
12 4.0 13.1 0.2 0.7 0.1 0.3
13 2.0 6.7 0.4 1.3 0.1 0.3
14 0.0 0.0 0.7 2.3 0.1 0.3
15 0.0 0.0 1.0 33 0.2 0.7
16 0.2 0.7 0.7 2.3 0.2 0.7
17 2.1 6.9 0.2 0.7 0.1 0.3
18 4.3 14.1 0.2 0.7 0.1 0.3
19 4.4 14.4 0.6 2.0 0.1 0.3
20 4.1 13.5 0.7 2.3 0.1 0.3
21 21 6.9 0.6 2.0 0.1 0.3
22 0.0 0.0 0.9 3.0 0.1 0.3

*Values listed are the greatest distance of non-activation in front of the diffuser and perpendicular to the
diffuser length. The front of the slot (or troffer) is taken to be the direction of flow.

*Values listed are largest distance of non-activation on either side of the slot diffuser (or troffer).

SThe fire is at the edge of the area of detailed simulation, and there is only small areas of activation.
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Table 3. Non-activation distances at 0.05 m (2.0 in) under the ceiling and horizontal separation
between fire and return for open plan room simulations
Fire to Distances of Non-Activation
Return lot Front* lot Side Troffer Front® Troffer Side?
Separation Slot Front Slot Side roffer Front roffer Side
m ft m ft m ft m ft m ft
Run
23 0.0 0.0 2.2 7.2 0.6 2.0 0.5 1.6 0.6 2.0
24 0.4 1.3 1.9 6.2 0.6 2.0 0.7 2.3 0.6 2.0
25 5.2 17.1 1.1 3.6 0.6 2.0 0.9 3.0 0.6 2.0
26 2.5 8.2 1.6 5.2 0.6 2.0 0.6 2.0 0.2 0.7
27 2.3 7.5 1.4 4.6 0.6 2.0 1.0 33 0.3 1.0
28 2.2 7.2 3.3t 1087 0.6 2.0 1.0 3.3 0.6 2.0
29 4.7 154 1.7 5.6 0.6 2.0 0.5 1.6 0.2 0.7
30 4.5 14.8 1.4 4.6 0.6 2.0 0.6 2.0 0.2 0.7
31 0.1 0.3 NAY  NAY | NA®  NAS NA$ NAS NAS NAS

*Values listed are the greatest distance of non-activation in front of the diffuser and perpendicular to the
diffuser length. The front of the slot (or troffer) is taken to be the direction of flow.
values listed are largest distance of non-activation on either side of the slot diffuser (or troffer).

"This area of non-activation joins with another around the return.

$The fire is at the edge of the area of detailed simulation, and there is only small areas of activation.
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Appendix A: k- Turbulence Model

In computational fluid dynamic (CFD) modeling, the space where flow is to be simulated is divided into a number
of cells (or finite volumes), and the governing equations of fluid flow are solved numerically for each cell and for
each time step of the simulation. The governing equations alone can be used to simulate the effects of turbulence
on a scale larger than that of the cells. However, use of these flow equations alone cannot account for turbulence
on a scale smaller than the cells. Turbulence modeling was developed to account for turbulence effects inside the
cells. In such models a number of empirically developed partial differential equations are added to the flow
equations which are solved for each cell and for each time step. Because turbulence models account for turbulent
effects inside the cells, the number of cells needed for a particular application can be reduced.

The turbulence model used for this work is the k-¢ model developed by Launder and Spalding [1] in the early
seventies. This is probably the most extensively used turbulence model. The %-¢ model is referred to as a two
equation model, because it amounts to increasing the number of partial differential equations for the simulation by
two. The purpose of this appendix is to provide introductory information about the k- model and provide the
constants used in the simulations for this report.

The reader should be aware that a thorough knowledge of the k-¢ model requires extensive understanding of graduate
level fluid dynamics. For more information about CFD modeling and the k-e model, readers are referred to Launder
and Spalding and [2][3][4][5]{6]. '

The effective viscosity, p.g, used in the governing equations is the sum of the kinematic viscosity, z, and the
turbulent viscosity, pr.

Bep = B *+ Uy
It is assumed that
B 2
By = Cnp‘e—

The transport equations for the turbulent kinetic energy, &, and the turbulent dissipation rate, ¢, are

dpk
ot

Vk

=P +G + pe

+ V(pUR) - V'[[u L b
O

and

€

2
agte + V(pUe) - V'[[p + _"‘I)ve} = c,-E(P + C;max(G,0)) - czpfk-
g

In addition to defining k and ¢, the above equations are the two added partial differential equations of the k-e model.

The symbol V is called the gradient, and it is written as
0 . 9

v=il +j L s kg2,

ox dy oz

and the velocity vector is

20



U-=ui+vj+wk

where I, j and k are unit vectors in the x, y and z direction, and where «, v and w are the velocity components in
the x, y and z direction. The operation max(a,b) has the greater value of a or b.
The shear production, P, is defined as

P = kg VU-(VU + (VOY) = 2V-Ulu, VU + pk)

where (VU)? is the transpose of the tensor VU. For information about tensors readers are referred to

(7118]1[91[10].
The production, G, due to body force is defined as

G = _-u_efgvp
POy

The turbulent Prandtl number, ¢, is
2

K
c € 5z -

(G, -C) ,/CH
Table A1 lists default values of the empirical coefficients and the values used in this study. The values used in this
study are the same as the default values except for C;u and C;, which were shown by Nam and Bill [11] to result
in somewhat improved plume simulation in comparison to simulations using the default coefficients.

Table Al. Values of constants used in turbulence
equations
FLOW3D Default Used In This Paper

C, 0.09 0.18

o) 1.44 1.44

() 1.92 1.92

Cs 0.0 1.0

K 0.4187 0.4187

oy 1.0 1.0
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Nomenclature

C, = constant

o = constant

) = constant

o = constant

G = production due to body force

k = turbulent kinetic epergy

p = shear production

t = time

U = velocity vector

€ = turbulent dissipation rate

K = Von Karman constant

@ = kinematic viscosity

Feff = effective viscosity

BT = turbulent viscosity

P = density

o, = turbulent Prandtl number for e

oy = turbulent Prandt] number for &
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Appendix B: Smoke Generation and Mass Density of Smoke

For this project, the mass density activation criteria was calibrated to be equivalent to activation based
temperature rise. This appendix gives an approach that can be used to the relate optical density needed
to put a detector into alarm to the mass generation rate of smoke. However, the approach is only
appropriate for medium growth rate t-squared fires with combinations of detectors and smoke that would
result in activation if subjected to a 13 °C (23 °F) temperature rise under the ceiling of a large open
space without forced ventilation.

For the analysis of this appendix, smoke was generated at a rate of one non-dimensional unit of mass per
second per kW of convective heat released. The convective heat released by the fire was

2
Q, = C,C, 1055[1) ¢))
tg
where
Q. = convective heat release rate, kW,
C, = symmetry factor,
C. = convective fraction of heat release,
t = time from ignition, s,
ty = growth time, s.

Because all the fires were on the plane of symmetry, a symmetry factor of % was used. A convective
factor of 0.65 was used, and a growth time of 275 s was used. The fire was modeled by releasing energy
over several grid cells. The number of cells occupied by the fire was varied during the simulation such
that the heat release rate per unit volume would not exceed 2.6 kKW/m>.

Optical density per unit distance is

_ log,o(Z,/1,) @
X
where
D = optical density per unit distance, m™,
1, = intensity of light at the beginning of the path length,
I = intensity of light remaining after it has passed through the path length,
x = path length the light travels, m.

The units of light intensity are arbitrary, and such units are unnecessary for the discussion that follows.

The extinction coefficient per unit length is

_log (1/1,) 3)
X

where K is the extinction coefficient with units of m™. The two coefficients are related as
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p-X @)

The extinction coefficient can also be expressed as

K=K m )
where .
K, = specific extinction coefficient, m2/g,
m = mass concentration of smoke, g/m>.

Small scale experlments on wood, cellulose and plastics by Seader and Einhorn [1] resulted in average
values of K, of 7.6 m ?/g for smoke produced by flaming combustion and of 4.4 m?/g for smoke
produced by non-flaming combustion. However, only the value for flaming combustion is relevant to this
project.

For the simulations of this report, the mass generation of smoke can be expressed as

m = —ngl ©)
s 0 65 m,,
where
my = mass generation rate of smoke per unit of heat released, g sTkw,
My, = normalized smoke generation per unit of convective heat released, s™! kW1,
m = mass concentration of smoke at activation, g/m3,
m = normalized mass concentration of smoke at activation, m>,

na

For this pl’OjeCt the value of m,,, was 1 s kW, and the value of m,, was 13.4 m™3. Using these values,
K,=76m /g and comblmng equations (4), (5) and (6) results in

m o= 2 Q)
& 8.8
where '
Mg = mass generation rate of smoke per unit of heat released, g s™! kW1,
D = optical density per unit distance at which a detector goes into alarm, m™..

Equation (7) describes combinations of detectors and smoke that would result in activation if subjected
to a 13 °C (23 °F) temperature rise under the ceiling of a large open space without forced ventilation
with a t-squared fire that had a growth time of 275 s. Because these are the conditions of the simulations
of this paper, equation (7) is applicable to the results of these simulations.

The above approach can be extended for different t-squared fires, considering that the dominate
consideration in activation time is the convective heat release rate. Consider a second fire described as
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6, ®
Q, =C,C,1055| —~

tgz

where

Q., = convective heat release rate of the second fire, kW,
Cs, = symmetry factor of the second fire,

C., = convective fraction of heat release of the second fire,
t, = time from ignition of the second fire, s,

te2 = growth time of the second fire, s.

In adjusting simulation time, the simulation geometry remains unchanged as does the symmetry factors
(C,,=C,). Corresponding time is when the convective heat release rates are the same for both fires
(0.=0,,. Equating equations (1) and (8) and canceling like terms results in

tz = tfg—z __%. (9)
1.\ Co

In the absence of well defined application criteria for this equation, it is suggested use of it be restricted
to (tgzltg) from 0.5 to 2.

Example 1:

Calculate the generation rate of smoke needed to activate a detector in the simulations of this paper for
a smoke detector that goes into alarm when smoke reaches an optical density of 0.07 m™.

Approach a:
From equation (4), the extinction coefficient is

K =23D =23(0.07) = 0.161m™

From equation (5), the mass concentration of smoke can be estimated as

m=-— = 222" =0021g/m?

From equation (6), the smoke generation rate per kW of heat released is
oo Mae™ _ 1 ( 1 )0021g/m’
¢ 065m, 65\skW

= 0.0024 —&
13.4 /m® s kW

Approach b:
From equation (7), the smoke generation rate per kW of heat released is
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m, = = = Q. —=
€ 288 288 s kW

Example 2:

Assuming the convective fraction is unchanged, how does a faster fire growth time of 7, = 190 s affect
the simulated activation time?

From equation (9), the times are related as

L= 120 _ g69:
275

Where 80 seconds is shown on one of the activation time figures in the paper, the adjusted time would
be (80)(.69) = 55 seconds.

This is used to adjust the time scale on the activation time figures as follows:

Existing Scale Adjusted Scale
> 80 > 55
80 55
65 45
50 35
35 24
20 14
<20 < 14

The adjusted scale above can be used with any of the activation time figures in the report to see the
pattern of activation resulting from a fire with a growth time of 190 seconds.
Fundamental Equations

Two of the fundamental equations are examined below with the intent of providing insight into the
relationship between smoke generation and mass density of smoke. For the simulations of this study, the
energy equation was that for weakly compressible flow

a_gtﬁ + V-(pUH) - V-(AVT) = E , (10)
and the scalar equation was used for simulation of the mass density of smoke

%L . V(pUe) - V(pD,TE) = S (1D
where
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fluid density, kg/m?,

= total enthalpy of fluid, J/kg,

fluid velocity vector, m/s,

fluid thermal conductivity, W/(m K),
fluid temperature, K,

time, s,

energy source term, W

= species mass fraction, dimensionless,
mass diffusivity of species, m%s, and
= species source term, kg/(s m°).

Qe
!

o

Il

]

I

La Ry by ™ mg >
L]
I

The total enthalpy is

2
H=CT+lp? (12)
» T3

where Cp is the specific heat of fluid, J/(kg K).
Equations (10) and (11) are similar. The third term on the left of equation (10) is the thermal diffusion
term, and the third term on the left of equation (11) is the species diffusion term. The Lewis number is

the ratio of thermal diffusion to species diffusion. If the Lewis number is one, equations (10) and (11)
would be the same.

Reference

1] Seader, J. and Einhorn, I., Some physical, chemical, toxicological, and physiological aspects of
fire smoke, National Science Foundation Report PB83-2502, July 1976.
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Appendix C: Idealized Slot Diffuser Model

If computer memory and running time were not concerns, the best way to simulate a slot diffuser would
be model the flow inside the diffuser along with the rest of the room simulation. Because this approach
would approximately double the number of cells in the simulation, another method was needed. Most
computer simulations of room airflow have used constant velocity at the supply outlet to model HVAC
supply (for example ([11{2]1[3]1[4]1(51{6]). While these references have some information
about CFD simulation of the effects of wall diffusers, there is no corresponding information about ceiling
mounted slot diffusers. This appendix describes the idealized slot diffuser model that was used for this
project. Because troffer diffusers are similar to slot diffusers, this model was also used for the troffers.

The intent of ceiling mounted slot diffusers is to discharge the air in a direction such that the flow
attaches itself to the ceiling. This attached flow is referred to as Coanda effect [7], and this effect is
often desired in HVAC applications to prevent supply jets from blowing on occupants. The mass flow
rate of supply air is

= phLV, ey
where
1 = mass flow rate,
P = supply air density,
h = slot width,
L = slot length,
v, = downward component of outlet velocity.

The component of outlet velocity in the ceiling direction is
V.

Vo= 2z )
*  tan6
where
Vi = component of outlet velocity in the direction of the ceiling,
6 = discharge angle between inlet velocity and the ceiling.

This idealized model is intended to result in computer simulated flows near the ceiling that are
representative of those produced by slot diffusers. However, this model does not simulate flow details
within the diffuser. Accordingly, values # and 8 should not be considered the values of an actual diffuser.
The values of £ and 6 should be thought of as parameters of the idealized model that can be adjusted to
yield HVAC jet flows that are desired for the simulations. The idealized model is illustrated in figure C1.
CFD simulations showed that for discharge angles of about 45° or less, the jet was attached to the
ceiling.

The throw of a jet is the distance that the jet travels for it to slow down to a particular speed.
Manufacturers supply throw data for many diffusers, and common values are for velocities of 0.25, 0.5
and 0.75 m/s (50, 100 and 150 fpm). The throw is represented by L, where v is the value of the
velocity. Accordingly, L 55, L 5 and L 75 are the throws to 0.25, 0.5 and 0.75 m/s (50, 100 and 150 fpm).
For this application, L ;5 is of most interest because the velocity 0.75 m (150 fpm) is more likely to
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adversely affect detector performance than the lower velocities. Thus in selection of the idealized slot
diffuser for this project, particular emphasis was places on L ;5.

In the diffuser industry, it is generally accepted that L -5 is nearly the same for isothermal jets, cooling
Jets and heating jets [8]. Figure C2 demonstrates the this industry rule for a few CFD simulations. The
level of agreement among the throws of this figure provides added confidence in the industry rule. The
simulations of this study (runs 3-31) were made for isothermal jets. For the reasons above, it can be
concluded that the results of these simulations can be applied to both cooling and heating jets.

Throw recommendations for various applications are provided by ASHRAE [9] and Straub [10].
Based on ASHRAE recommendations, an L 5 of 1.5 m (5 ft) would be used to achieve a high level of
comfort in the enclosed rooms of this study. However, HVAC designers have indicated that the ASHRAE
recommendations concerning throws for ceiling mounted slot diffusers have often been exceeded in
practice. For the enclosed rooms of this study, Straub’s suggestions amount to selecting a diffuser with
an L,s of 7 to 15 m (23 to 50 ft). This can result in an L5 much greater than the ASHRAE
recommendations. For this study an L 75 of 1.5 m (4.9 ft) was selected as a value which might be
considered an upper limit for such an application.

It was desired to have a slot length, L, of 1.18 m (3.9 ft), for all the simulations because this length is
common in the industry. For a perimeter office, supply air is usually in the range of 0 01 to 0.015 m’/s
per m? of floor area (2 to 3 cfm per fi? of floor area). The value of 0.0125 m3/s per m? of floor area (2.5
cfm per ft? of floor area) was selected. For the slot diffuser in small room of this project this amounted
to supply air 0.106 m’/s (225 cfm). This slot was also used for the medium and the open plan rooms at
the same flow rate per unit of floor area.

In summary, the desired values for the slot diffuser were:

Throw to 0.75 m/s L s 1.5m (5 ft)
Slot Length L 1.18 m (3.9 1)
Volumetric Flow G 0.106 m3/s (225 cfm)

The CFD model was used to find the other values of the supply slot as described below. It is the nature
of a CFD model that geometry and boundary conditions are specified, and the model calculates the flows
at each cell. For the small room of this project, simulations were made with values of L, &, V, and |2
specified, and the output was examined to determine L 5 and L 5 resulting from the specified values Slot
widths, &, were considered from 0.06 to 0.10 m (2.36 to 3.94 in). For each slot width, V, was calculated
as V, = G/(Lh), and simulations were made for values of V, representing discharge angles, g, from 30°
to 45° using equation (2).

A number of CFD simulations were required to determine that values of 6 = 39° and # = 0.08 m (3.1
in) resulted in the desired L 55. These simulations were in the small room with return arrangement 1.
Table C1 compares the throw from this idealized slot diffuser with two commercial diffusers all with the
same values of L and G. The differences between the throws of the commercial and idealized diffusers
is 7% and 6% for L 5 and -27% and -5% for L ;5. This level of agreement indicates that the throws of
the idealized diffuser can be considered in the range of throws that could occur from commercial slot
diffusers.
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Lack of data for slot diffusers prevented detailed comparison of the CFD simulated jet with experimental
data. However, the general trends of the CFD simulated jet from the above slot diffuser agrees with
observed trends of jets from other types of diffusers based on experimental data. The experimental data
shown in figure C3(a) and (b) shows that for HVAC jets adjacent to surfaces (walls or ceilings) [11]:

(a) the maximum velocity, V,,,., decreases with distance, x, from the diffuser,

(b) at any distance, x, from the diffuser, the maximum velocity, V., is near the surface, and

(c) the thickness of the jet [dashed lines in figure C3 (a) and (b)] increases with distance, x, from the
diffuser.

The CFD simulated jet from the idealized slot diffuser of this project shows that same trends, as shown
in figure C3 (c).

The light troffers were modeled in the same way as the slot diffuser. The troffers were also 1.18 m (3.9
ft) long, and they had a flow rate of 0.0236 m>/s (50 cfm). A value of 0.4 m (1.3 ft) was selected as a
conservative value of the 0.75 m/s (150 fpm) throw for this troffer. In the same manner as the slot
diffusers, a number of CFD simulations were made to find that values of § = 21° and # = 0.03 m (1.1
in) resulted in the desired throw. Comparison with the throws of a commercial troffer shows much larger
differences than those of the slot diffusers (table C1). The difficulty in getting better agreement could be
a basic limitation of the idealized diffuser model presented in this appendix. However, the idealized
troffer jet is a longer jet than that of the commercial troffer. Considering that flow of the troffers was
22% of that from the slot diffusers, it seems that the main detection challenge was due to the slots, and
that the troffers were included in the simulations to account for the relatively small level detection
interference they would produce. Further, it should be noted that the trends of jet flows attached to
surfaces discussed above also occurred for the idealized troffer jet.
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Table C1. Comparison of throws for commercial and idealized diffusers

Throw to 0.75 m/s (150 fpm), L 5

Throw to 0.5 m/s (100 fpm), L

Diffuser Type” m ft Difference? m ft Difference*
Commercial Slot A 1.4 4.6 1% 2.9 9.5 -27%
Commercial Slot B 1.6 5.2 6% 35 11.5 -5%
Idealized Slot 1.5 49 NA 3.7 12.1 NA
Commercial Troffer 0.6 2.0 33% 0.9 3.0 -55%
Idealized Troffer 0.4 1.3 NA 1.4 4.6 NA

*Throw data for the commercial diffusers is from manufacturers catalogs and from CFD

simulations for the idealized diffusers.

#The difference is the throw of idealized from that of the commercial damper, which is
(L, - L)/L,. where subscripts ¢, I and v represent commercial, idealized and velocity respectively.
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Figure C2.  Effect of discharge angle on the 0.75 m/s (150 fpm) throw
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(a) Plan for both elevations

Figure 1: Layout of mass density calibration simulations
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Figure 7: Simulated mass density at 100 kW from the first mass density calibration (run 1)
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Figure 8: Simulated activation time from the first mass density calibration run (run 1)
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Figure 9: Simulated mass density at activation time from the first mass density calibration (run 1)
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Figure 10: Simulated mass density at activation time from the second mass density calibration (run
2)
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 11: Simulated activation time in the small room from run 3.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Figure 12: Simulated activation time in the small room from run 4.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.

46



Fire

S S
Activation Time (s) Activation Time (s)

> 80. > 80.
80. 80.
65. 65
50. 50
35 35
20. 20.

< 20. z = 272 y4.m27.21477 < 20. z = 2.69 y4.m27.21477

(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling

Activation Time (s) Activation Time (s)
> 80. > 80.
80. 80.
65. 65
50. 50
35. 35
20. 20.
< 20. x = 2.0 y4.m27.21477 < 20. x = 3.0 y4.m27.21477
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 13: Simulated activation time in the small room from run 5.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Activation Time (s) Activation Time (s)
> 80. > 80.
80. 80.
65. 65.
50. 50.
35. 35.
I 20. I 20.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 14: Simulated activation time in the small room from run 6.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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< 20. x = 0.81 y4.m35.9175 < 20. x = 1.71 y4.m35.9175
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 15: Simulated activation time in the small room from run 7.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 16: Simulated activation time in the small room from run 8.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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35. 35.
20. 20.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 17: Simulated activation time in the small room from run 9.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
Activation Time (s) Activation Time (s)
> 80. > 80.
80. 80.
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50. 50.
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< 20. x = 0.81 y4.m39.25121 < 20. x = 1.71 y4.m39.25121
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 18: Simulated activation time in the small room from run 10.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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< 20. x = 0.81 y4.m06.12496 < 20. x = 1.71 y4.m06.12496
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 19: Simulated activation time in the small room from run 11.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
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65. 65.
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35. 35.
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< 20. x = 6.39 y4.m11.13354 < 20. x = 9.09 y4.m11.13354
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 20: Simulated activation time in the small room from run 12.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
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80. 80.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 21: Simulated activation time in the small room from run 13.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
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80. 80.
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< 20. x = 6.39 y4.m14.4275 < 20. x = 9.09 y4.m14.4275
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 22: Simulated activation time in the small room from run 14.
Note: See figure 4 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
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< 20. x = 6.39 y4,m15.10073 < 20. x = 9.09 y4,m15.10073
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 23: Simulated activation time in the medium room from run 15.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
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50 50
35 35
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< 20. x = 6.39 y4.m41.3667 < 20. x = 9.09 y4.m41.3667
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 24: Simulated activation time in the medium room from run 16.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(a) At 0.02 m (0.79 in) below the ceiling (b) At 0.05 m (2.0 in) below the ceiling
Activation Time (s) Activation Time (s)
> 80. > 80.
80 80
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< 20. x = 6.39 y4.m42.15672 < 20. x = 9.09 y4.m42.15672
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 25: Simulated activation time in the medium room from run 17.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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< 20. x = 0.81 y4.m08.3767 < 20. x = 1.71 y4.m08.3767

(c) Centerline of the diffuser (d) Plane of symmetry

Figure 26: Simulated activation time in the medium room from run 18.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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< 20. x = 0.81 y4.m09.22437 < 20. x = 1.71 y4.m09.22437
(c) Centerline of the diffuser (d) Plane of symmetry

Figure 27: Simulated activation time in the medium room from run 19.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 28: Simulated activation time in the medium room from run 20.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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< 20. x = 0.81 y4.m09a.16316 < 20. x = 1.71 y4.m09a.16316

(c) Centerline of the diffuser (d) Plane of symmetry

Figure 29: Simulated activation time in the medium room from run 21.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 30: Simulated activation time in the medium room from run 22.
Note: See figure 5 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 31: Simulated activation time in the open plan room from run 23.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 32: Simulated activation time in the open plan room from run 24.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Figure 33: Simulated activation time in the open plan room from run 25.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 34: Simulated activation time in the open plan room from run 26.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 35: Simulated activation time in the open plan room from run 27.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Figure 36: Simulated activation time in the open plan room from run 28.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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(c) Centerline of the diffuser (d) Plane of symmetry

Figure 37: Simulated activation time in the open plan room from run 29.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Figure 38: Simulated activation time in the open plan room from run 30.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Figure 39: Simulated activation time in the open plan room from run 31.
Note: See figure 6 for the location of the plane of symmetry and the plane at the centerline of the
diffuser.
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Figure 40: Comparison of simulated activation times based on temperature rise and on mass density
at 0.05 m (2.0 in) below the ceiling. Note: See figure 2 for the location of the plane of symmetry,
and see figures 5 and 6 for the location of the plane at the centerline of the diffuser.
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Rapid activation of fire protection systems in response to a growing fire is one of the important
factors required to provide for life safety and property protection. Airflow due to the heating,
ventilating and air conditioning (HVAC) system can significantly modify the flow of smoke along the
ceiling and must be taken into consideration when a particular system is designed. At present, the
standards used to guide the design of systems contain very little quantitative information concerning
the impact of airflow produced by HVAC systems. This project is part of a multi year, International
Fire Detection Research Project sponsored by the National Fire Protection Research Foundation
(NFPRF), and it describes the results of a series of numerical simulations of smoke movement in
response to HVAC flows resulting from slot diffusers, slot returns and rectangular returns. The
computer model calculated activation times throughout the fire driven flow field.
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