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Balcony Spill Plumes: Full-Scale
Experiments, Part 2 (RP-1247)

ABSTRACT

There have been a number of concerns regarding the balcony spill plume equation provided in North
American standards and codes. These include: lack of verification by full-scale experiments and
application of the equation for high atria even though it was developed for low-height atria. As a result of
these concerns, the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
initiated a project to evaluate the balcony spill plume equation used in North American codes and
standards (RP-1247). The research project included CFD modeling studies to investigate smoke
entrainment in the balcony area and smoke entrainment in high atria. The primary research conducted, as
part of RP 1247, was a series of full-scale experiments conducted to investigate smoke flow in balcony spill
plumes and the resulting mechanical exhaust requirements for an atrium. The full-scale experiments
included measurements inside the fire compartment and in the opening between the fire compartment and
the balcony area. It also included measurements in a simulated atrium space. In Part 2 of this paper, the
results of the measurements in the simulated atrium area are discussed. Also, the data was analyzed to
estimate the mass flow rate at the end of the balcony and the air entrainment in the atrium space. The
experimental entrainment rates are compared with algebraic equations, which are used to estimate the
mass flow in an atrium.

INTRODUCTION

There have been a number of concerns regarding the balcony spill plume equation provided in NFPA
92B (2005) and IBC (2003). These include:
1. Lack of verification by full-scale experiments.
2. Application of the equation for high atria even though it was developed for low-height atria.
As a result of these concerns, the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) initiated a project to evaluate the balcony spill plume equation used in North
American codes and standards (RP-1247). Three research activities were undertaken:
e  Full-scale experiments.
e CFD modeling to investigate smoke entrainment below the balcony and at the balcony edge as the
plume spills into an atrium.
e CFD modeling of smoke entrainment into a balcony spill plume for high atria.
The CFD modeling studies were undertaken to address two concerns with the experimental program:

1. The distance between the balcony and the ceiling in the experimental facility was limited (5-7 m). This
distance exceeds the distance required in the initial request for proposals. However, in comparison to
scenarios in many North American atria, this distance was a concern.

2. The second concern was the inability to fully investigate the effect of the parameters that affect air
entrainment in the balcony area using full-scale experiments.

To address these issues, an effort was made to verify a CFD model using NIST’s Fire Dynamic Simulator
(FDS) software (McGrattan et al 2002a; 2002b) for determining smoke entrainment into a spill plume.
Detailed results of the modeling studies are provided in masters degree theses by Ko (2006) and McCartney
(2006) and summarized in Ko et al. (2007) and McCartney et al. (2007).

The primary research conducted, as part of RP 1247, was a series of full-scale experiments, which
investigated smoke flow in balcony spill plumes and the resulting mechanical exhaust requirements for an
atrium. An extended set of full-scale experiments was conducted for a fire located in a compartment.
Parameters that were varied included the width of the compartment opening and the fire size. Tests were



conducted with and without a downstand in the compartment opening and with and without draft curtains
used to channel the flow below the balcony.

The full-scale experiments included measurements inside the fire compartment and in the opening
between the fire compartment and the balcony area. It also included measurements in a simulated atrium
space. In Part 1 of this paper, the results of the measurements in the fire compartment area are discussed
(Lougheed, McCartney and Gibbs 2007).

In this paper, the results of measurements in the simulated atrium space are discussed. The data was
analyzed to estimate the mass flow rate at the end of the balcony and the air entrainment in the atrium
space. The experimental entrainment rates are compared with algebraic equations that are used to estimate
the mass flow in an atrium.

EXPERIMENTAL STUDIES

There have been several experimental studies of balcony spill plumes. Most of these were conducted at
the Building Research Establishment (BRE) in the UK using 1/10™ scale models (Morgan and Marshall
1975; Morgan and Marshall 1979; Hansell et al. 1993; Marshall and Harrison 1996). Experiments were also
conducted by at the University of Canterbury, New Zealand using salt-water modeling (Yii 1998) and a
1/10™ scale model similar to that used at BRE (Harrison 2004). Reviews of the experimental studies are
provided by Harrison (2004) and Lougheed et al. (2006). A brief summary of the experimental studies is
provided in Lougheed et al. (2007).

BALCONY SPILL PLUME CALCULATION METHODS

Several methods for estimating air entrainment in balcony spill plumes have been developed. These
include the BRE spill plume method (Morgan and Marshall 1975 and 1979), the correlations developed by
Law (1996 and 1995) and the methods developed by Thomas (1987), Poreh et al. (1998) and Thomas et al.
(1998). A brief summary of each method is provided in this Section.

The first method that was developed to estimate air entrainment in balcony spill plumes was the BRE
spill plume method. The initial physical model studies conducted by Morgan and Marshal (1975; 1979)
were used to develop and confirm the method. This approach provides methods for estimating the smoke
flow approaching the end of the balcony, the air entrainment as the plume rotates around the spill edge and
the smoke production in the ascending plume. The method for estimating the air entrainment in the rising
plume was based on the approach used for infinite line plumes developed by Lee and Emmons (1961).
Since the balcony spill plume has a finite length, an additional term was developed for use in estimating air
entrainment into the ends of the plume. Subsequent experimental and theoretical studies (Morgan 1986;
Morgan and Hansell 1987; Hansell, Morgan and Marshall 1993; Marshall and Harrison 1996) were used to
further develop the method. Morgan et al. (1999) provide full details for this method.

The BRE spill plume method involves a complex series of calculations. Law (1986) developed a
simple correlation for use by designers. The correlation was based on the physical model studies conducted
by Morgan and Marshall (1975; 1979). The underlying assumptions in the approach by Law were that a
balcony spill plume was analogous to the smoke flow from a window and that the theory developed by
Yokoi (1960) for flows from rectangular heat sources could be used as the basis for a simplified equation.

Yokoi (1960) defined three zones for the smoke flow from a rectangular heat source: 1) near zone
where the flow is rectangular; 2) intermediate zone where the smoke flow will be similar to that from a line
source and 3) the remote zone where the smoke flow will be similar to that from a point source. The height
for each zone was dependent on the initial dimensions of the rectangular source and its aspect ratio. Law
(1986) used the equations developed by Yokoi for the intermediate zone and thus assumed that the balcony
spill plume was analogous to a line plume with a virtual origin below the balcony.

The basic assumption in the methods for estimating the mass entrainment into a spill plume including
those developed by Law is that it is analogous to a line plume. Based on this assumption, all the simplified
equations for air entrainment into the rising plume are linear with the height of the plume above the
balcony edge:

where:
m, = mass flow rate at height z, (kg/s);



7, = height above the balcony (m);
A = linear coefficient for air entrainment in line plume (kg/s m);
B = coefficient defining initial conditions for line plume at balcony edge (kg/s).

The coefficients A and B are dependent on parameters such as fire size, opening width, balcony height and
mass flow at the end of the balcony.

Using the equations developed by Yokoi (1960) for the intermediate zone, Law (1986) developed
relationships for the coefficients A and B in terms of fire size, width of the opening and the height of the
balcony. The resulting equation was:

. 1
S 2}3
m, = Ap(QCW yzb +B, 2)

where:
rhb = mass flow rate at height z, (kg/s);
QC = convective heat output (kW);
W = length of the spill (m);
Zp = height of plume above the balcony edge (m);
A, = linear coefficient for spill plume (kg/s m’”? kW'?);
B, = virtual origin term (kg/s).

Law (1986) used the results from the initial physical model experiments conducted at BRE (Morgan
and Marshall 1975; Morgan and Marshall 1979) to determine a value for the linear coefficient, A;, and an
estimate for the virtual origin, B,, based on the height of the balcony. Law (1995) slightly modified the
estimate for both the linear coefficient and the virtual origin to derive the following relationship for the
mass flow rate in balcony spill plume rate using the experimental data provided by Hansell, Morgan and
Marshall (1993):

iy =0.36(Q,W2) 2 (2, +025H)  (3)

where:

rhb = mass flow rate at height z, (kg/s);

QC = convective heat output (kW);

W = length of the spill (m);

Zp = height of plume above the balcony edge (m);

H = height of the balcony above the base of the fire (m).

Equation 3 is in the form used in CIBSE (1995), which was derived from Law (1995). The principle
difference is that the total heat release rate was used in the algebraic relationship in Law (1995) as well as
the earlier paper (Law 1986). The version provided in Equation 3 was developed assuming a radiative
fraction of 0.35.

The equation in NFPA 92B (2005) was derived from the relationship given in Law (1995). However,
the NFPA 92B equation is given in terms of the total heat release rate. If converted to the same form as
Equation 3 assuming a radiative fraction of 0.35, the linear coefficient A, = 0.41.

Law (1995) also provides a method for estimating the width of the spill plume for the scenario with no
draft curtains located below the balcony to channel the flow. In this approach, the depth of the balcony, b,
is added to the width of the opening to obtain the spill plume width. This approach is also used in NFPA
92B (2005).

Several other algebraic relations for the mass flow rate in balcony spill plumes were developed.
Morgan et al. (1999) noted four different methods for calculating smoke production rates developed at
BRE: BRE spill plume method, Method by Thomas (1987), Method by Poreh et al. (1998) and Method by
Thomas et al. (1998). All of these relationships have the same general form as Equation 2 but differ in the
value for the linear coefficient A, and the parameters used to define the virtual origin.

At the same time as Law (1986) developed the initial correlation for the balcony spill plume, Thomas
(1987) provided an alternative correlation for the physical model data (Morgan and Marshall 1975; Morgan
and Marshal 1979). This approach was based on the relationship developed by Lee and Emmons (1961) for
an infinite line source. A term was included in the equation for determining air entrainment into the ends of
the plume. There are two major concerns regarding the Thomas (1987) method: 1) the equation includes the



density of the smoke and 2) the location of the virtual source is dependent on the compartment and fire
parameters. Morgan et al. (1999) provide a method for estimating the virtual origin for this approach.

Poreh et al. (1998) used dimensional analysis to determine the mass flow rate for a line plume and the
convective heat output of the fire. This approach includes a method for determining the location of the
virtual origin. This method estimates the air entrainment into the sides of the spill plume. However, it does
not allow for entrainment into the ends of the plume.

Thomas et al. (1998) used rigorous dimensional analysis to develop a relationship for the mass flow
rate in a balcony spill plume. This approach does not require the specification of a virtual origin for the
plume. However, it does require an estimate for the convective heat release rate and the mass flow rate at
the balcony edge. It does not include entrainment into the end of the plume but a separate equation was
developed.

The full Method by Thomas (1987) consists of a linear portion for air entrainment in the form of
Equation 2. Assuming the virtual origin is determined using the same approach as used by Poreh et al.
(1998), the coefficients for the linear portion of Thomas (1987) equation reduce to a form similar to that
given by Poreh et al. (1998). The main difference in the two methods is the term for end entrainment,
which also includes terms involving the height above the balcony and the virtual origin.

Harrison (2004) also developed equations for the air entrainment into a balcony spill plume. The
equations have a similar form to those developed by Poreh et al. (1998) and Thomas et al. (1998).
However, the linear coefficient, 0.2, is higher than that used in the earlier correlations (0.16). However, the
linear coefficient developed in Harrison (2004) was determined by a fit to a set of physical model
experiments and thus includes air entrainment into the end of the plume. The earlier correlations were
developed assuming an infinite line plume with an additional term used in some cases to estimate end
entrainment.

The correlations developed by Harrison (2004) were based on physical model experiments with a
downstand at the end of the balcony. The downstand depth was 0, 0.1 and 0.2 m for the 1/10" scale model.
The linear portion of the equation is comparable to correlations used for line plumes (CIBSE 1995):

m, = 0.21OCL|%2 )

where

m, = mass flow rate for line plume at height z (kg/s);
QC = convective heat release rate (KW);

L; = Ilength of longest side of rectangular source (m);
z = height above the base of the fire (m).

In summary, the simplified methods for balcony spill plumes all assume a linear equation for the air
entrainment with height above the balcony (Equation 2). However, two different approaches were used to
determine the linear coefficient, A, and the virtual origin term, B,

1. Law (1985 and 1995) used a fit to experimental data to determine A,, and the virtual origin.
2. The spill plume methods developed at BRE assumed a vertical line plume in the atrium. Any
additional entrainment at the end of the balcony was included in the virtual origin term.

FULL-SCALE EXPERIMENTAL ARRANGEMENT

Experimental Design

The main objective of the experimental program was to determine balcony spill plume mass flow rates
produced by steady fires in a compartment with an attached balcony. The steady-state atrium smoke layer
elevation was the major dependent variable to be measured. However, in reviewing the literature used to
develop the present correlations for air entrainment into balcony spill plumes, it was noted that some key
parameters that affect the mass flow rate in the balcony smoke plume also affect the conditions within the
fire compartment and the mass flow rate through the compartment opening. These parameters include the
fire size (heat release rate), the width of the compartment opening and the presence of a downstand in the
opening. In Part 1 of this paper, the experimental results were used to investigate the effects of these
parameters on the conditions inside the fire compartment and on the smoke flow through the opening. In
this paper, the experimental results are used to investigate the effect of the parameters on the air
entrainment in the simulated atrium space.



The parameters that were investigated in the full-scale experiments that affected the conditions both
within the compartment and simulated atrium space included: fire size (propane burner fires with heat
release rates of 500 to 5000 kW were used), compartment opening width (5.0, 7.5, 10.0 and 12 m) and
depth of the downstand in the compartment opening (0 and 1.6 m). These parameters are discussed in more
detail in Lougheed et al. (2006) and Lougheed et al. (2007). Two additional parameters that affected the
smoke flow in the balcony area were:

1. Balcony Depth — A limited number of tests were conducted without a balcony and a compartment
opening of 12 m. However, the majority of the tests were conducted with a 4 m deep balcony. This
balcony depth was arbitrarily chosen and is consistent with real applications as well as matching the
scale model experiments conducted by Morgan and Marshall (1975; 1979). A study using CFD
simulations was used to investigate air entrainment in the smoke flow below the balcony. The results of
the modeling studies are discussed in Ko (2006) and Ko et al. (2007).

2. Draft Curtains — Removable panels were used to provide draft curtains to channel the flow to the
edge of the balcony. Experiments were conducted without draft curtains and with the draft curtains
placed in line with the edges of the compartment opening. Initially, the draft curtains had a depth of 2.0
m, which is comparable with the experiments conducted by Morgan and Marshall (1979). However,
there was some smoke flow under the draft curtain with the downstand located in the compartment
opening. The depth of the draft curtains was increased to 2.9 m to ensure all the smoke was contained.
For the tests without draft curtains, there was no containment at the end of the balcony. The effective
spill edge of the balcony included the two end sections in addition to the balcony length. The
boundaries of the main facility (i.e. the atrium walls) acted as a secondary draft curtain for all
experiments. The effect of draft curtains was also investigated using CFD modelling (Ko 2006; Ko et
al. 2007)

The experiments conducted with the widest compartment opening and no compartment opening
downstand represent cases of a fire under a balcony. For these experiments, the compartment ceiling acts as
a balcony section to give a total balcony depth of 5 m for tests without the balcony section and 9 m with the
balcony.

The following experimental parameters were maintained constant throughout the experimental
program to reduce costs and simplify the data analysis: fire compartment size, fire location, compartment
heat transfer and balcony elevation. Further discussion on these parameters is provided in Lougheed et al.
(2006) and Lougheed et al. (2007).

Experimental Facility

In recent years, NRC has conducted joint research projects with ASHRAE related to atrium smoke
management in an atrium facility (Lougheed et al. 1999; Lougheed, McCartney and Taber 2000; Lougheed,
McCartney and Taber 2001). The atrium portion of the facility utilizes a section of the NRC Burn Hall
facility with a footprint of 16.8 m by 30.5 m and a height of 12.2 m. A variable capacity smoke exhaust
system was used to extract smoke from near the ceiling.

A 13.8 m wide by 5 m deep by 5 m high fire compartment with attached balcony was located near one
end of the atrium (Figure 1). The compartment was constructed using a steel frame lined with sheet steel
and protected using 25 mm thick ceramic fiber insulation. The front wall of the test compartment was
modular in construction to allow for multiple opening widths. All removable sections forming the front
wall of the fire compartment were constructed out of steel and were unlined. All openings were centered on
the compartment centerline. A removable downstand could be installed at the top of the opening.

The rear and side walls and ceiling of the compartment were lined with noncombustible ceramic fiber
insulation to protect against repeated fire exposure. This material has low thermal conductivity, thus
minimizing conductive heat losses through the compartment boundaries and maximizing the temperature
and resulting flow velocity of the hot layer exiting the compartment. The compartment floor was concrete.

A 4 m deep balcony was installed over the entire width of the fire compartment. The balcony was
constructed of steel with negligible thickness. The underside of the balcony was flush with the ceiling of
the fire compartment, allowing unimpeded flow of the exiting hot layer for tests without a downstand. The
balcony was 5 m above the floor of the test facility and 7.2 m below the ceiling of the simulated atrium.
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Figure 1. Experimental facility.

Burner System

Previous investigations at NRC on atrium smoke management (Lougheed et al. 1999; Lougheed,
McCartney and Taber 2000) have shown that large scale propane burner systems with dimensions of up to
3 m by 3 m are well-suited to conducting parametric studies since steady, measurable fire sizes can be
maintained over extended durations. In this experimental program, a modular propane burner system was
located at the center of the fire compartment at an elevation of 0.4 m. The propane was released from pipes
forming three concentric squares with sides of 1, 2 and 3 m. Using this burner system, fires with areas of 1,
4 and 9 m” could be produced. The physical size of the fire was varied depending on the heat release rate so

that the fire density, Q/area, was between 250 and 750 kW/m> This range has been suggested as an
acceptable approximation for typical commercial and retail fire loads (Klote and Milke 2002; Morgan et al.
1999).

The propane volumetric flow rate was measured using rotameters to estimate the total heat release rate
of the fire. Combined errors in the propane physical properties and the rotameter system gave a typical heat
release rate error range of =10%.

Instrumentation

Thermocouple trees were installed inside the fire compartment and in the compartment opening. This
instrumentation is described in Lougheed et al. (2006) and Lougheed et al (2007).

Since the propane burner fires used in the experimental program produce no visible smoke, accurate
temperature measurements were required to determine the smoke layer depth in the simulated atrium. Two
vertical arrays of thermocouples were installed in the simulated atrium to determine the atrium smoke layer
elevation, one on the compartment centerline at a distance of 21 m from the fire compartment opening and
another 4.2 m north of the first array (Figure 1). Each thermocouple tree consisted of 20 thermocouples
spaced at 400 mm intervals with the highest thermocouple approximately 200 mm below the ceiling. All
thermocouples were Type K without shielding or other types of radiation compensation; the assumed error
in these devices is +2 °C.

The mechanical exhaust system was instrumented with a pitot-static tube, micromanometer and two
thermocouples to measure the exhaust mass flow rate. The typical error range in the mass flow
measurement is approximately £5%. Oxygen, carbon dioxide and carbon monoxide concentrations in the
exhaust duct were also measured for selected tests using infrared and paramagnetic gas analyzers. This data
was used to determine the total and convective heat release rate of the propane burner fire. Due to the
extremely long filling rate represented by the large volume of the simulated atrium, determination of the
heat release rate using the oxygen depletion method proved unfeasible, so gas concentration measurements
were abandoned in later experiments.

EXPERIMENTAL PROCEDURE



Eighty-five experiments were conducted with various combinations of compartment geometry and fire
size. The standard experiment was conducted with a fixed heat output and compartment and simulated
atrium geometry. During the experiment, the ventilation rate for the simulated atrium was varied by
running the fan at 5 to 6 different speeds (typically, 0, 12, 24, 36, 48 and 60 Hz).

Before each test, the compartment and simulated atrium geometry was set-up. Instruments were
checked and calibrated if required and the exhaust system was set to the lowest flow rate. The data
acquisition system was started approximately 60 s prior to ignition to collect ambient data. The data during
the test was sampled at 2 s intervals. The propane burner system was ignited manually at a low level then
increased to the planned heat release rate and maintained at this level until the end of the test.

SIMULATED ATRIUM RESULTS

This section provides a discussion of the data analysis and experimental results for the simulated
atrium.

Temperatures in the Simulated Atrium

The temperature of the smoke layer in the simulated atrium was measured using two thermocouple
trees. The exhaust flow rate was increased in a series of steps during each experiment, resulting in an
increase in smoke layer height from step to step. Figure 2 shows typical temperatures measured by the
center atrium thermocouple tree for Test 85 with a heat release rates of 3000 kW. The sampling rate was 2
s. A 15-point (30 s) running average was used to smooth the data. The results still appear very noisy.
However, this is due in part to the extended time scale. ]
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Figure 2. Typical temperature trends for center atrium thermocouple tree (Test 85).

Using shorter timescales, the temperatures in the upper hot layer and cold lower layer were steady with
the variation comparable to the error in the temperature measurement (Lougheed et al. 2006). The largest
temperature variations were in the transition zone, which are due to turbulence produced by thermal
instabilities between the hot and cold layer, local airflow in the simulated atrium, and variations in the fire
size and the flow rate in the mechanical exhaust system. The data in the form shown in Figure 2 indicates
there is a smoke layer. As the smoke layer height increases with the higher smoke exhaust rate, there is a
decrease in temperature in the smoke layer due to increased mass entrainment into the spill plume.
However, it is impossible to determine the location of the smoke layer interface using the raw data plots.



As the first step in determining the smoke layer interface height, the temperatures measured by the

thermocouples on the two-thermocouple trees in the atrium were analyzed to determine steady-state
temperature profiles. The steps were as follows:

1.

Elevation (m)

The average temperature measured by each thermocouple was determined 60 s before the end of each
step in the experiment. The mean temperature for 15 data points (30 s time interval) was determined.

The resulting mean temperatures were used to plot temperature profiles for each portion of the
experiment. The profiles determined for Test 85 shown in Figure 3 are based on the temperatures
measured at the center of the simulated atrium.

To ensure that the data was steady state, a linear regression was applied to each temperature over the
30 s averaging period. The profile was considered steady state if, for all trends, the slope of the linear
fit was below an arbitrary limit of 5% of the average temperature during the period.
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Figure 3. Temperature profiles for Test 85.

A second atrium thermocouple tree was installed halfway between the center tree on the compartment

centerline and the north edge of the facility. Data from this tree was intended to act as a quality check.
Overall the general profiles were comparable at the two locations. However, there were some differences
between the two sets of measurements (Lougheed et al. 2006):

1.

There was an increased temperature near the ceiling due to the ceiling jet produced by the plume. The
temperatures were typically slightly higher at the center of the atrium space indicating more influence
of the ceiling jet at this location.

The temperatures were comparable at the top of the transition zone.

There were variations in the temperature within the transition zone. This was due to local flow
variations in the experimental area.

Temperature differences did occur in the lower cold region in tests with high heat release rate and low
mechanical exhaust. In this case, there was leakage of smoke under the draft curtain separating the
simulated atrium from the other section of the test facility. As a result higher temperatures were
measured at the center of the atrium.



Since there were differences in the temperatures measured at the two locations, both profiles were
analyzed for each test to determine the smoke layer interface. Also, as part of the experimental data
analysis, the atrium thermocouple trees were compared using the sum of the squared differences at each
elevation to identify cases where the layer may be inaccurately measured. The results for those cases with
large differences were reviewed to determine if they should be retained or eliminated from further analysis.

Smoke Interface Height

A number of algorithms have been used to determine the interface between the hot and cold layers in a
fire compartment. These include the N-percent method, the maximum slope method, the integral method
and the temperature-height integral method:

1. Percent Method — The smoke layer elevation is defined as where the temperature rise above ambient
is N percent of the maximum temperature rise above ambient occurring in the profile (Cooper et al.
1982). Previous research has shown that values of N = 10-20% and N = 80-90% give elevations
consistent with the bottom and top of the transition zone, respectively (Lougheed et al. 1999).
Estimates for the elevation of the lower boundary (10 and 20% temperature increase) and upper
boundary (80 and 90% increase in temperature) of the transition zone were calculated from the steady-
state atrium center temperature profiles. The exact elevation was interpolated between the two
measured temperatures, which bounded the temperature rise NAT.

2.  Maximum Slope Method — High density and temperature gradients are present near the bottom of the
atrium smoke layer. These gradients are much larger than those found in the atrium smoke layer. The
atrium smoke layer can therefore be considered as the elevation at which the temperature profile
exhibits maximum slope. Janssens and Tran (1992) applied the maximum slope method in their
analyses of data reduction techniques. The accuracy of this method decreases as the temperature
gradient in the atrium smoke layer increases. The maximum slope method was applied to the data
from the experimental program by determining the two temperatures with the maximum slope dT/dz
and assigning their average elevation as the atrium smoke layer elevation.

3. Integral Method — Quintiere et al. (1984) used a method for determining interface height by solving
two integral identities for the integrals of temperature and the reciprocal of temperature over the height
of the compartment. The two integral identities are:

hC —-N: .
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where h, is the height of the compartment, h; is the smoke interface height and T, and T, are the
temperatures in the hot and cold layers, respectively. While Equation 5 does have physical meaning
and is a requirement for mass equivalency, Equation 6 does not have any physical meaning, but retains
the same mean temperature as the data.

4. Integral Temperature-Height Curve. — Morgan and Marshall (1979) integrated the temperature-
height curve to determine the depth of the smoke layer below the simulated atrium ceiling.

All of these methods define a single smoke layer elevation for a given temperature profile. This is one
of the key assumptions of zone modeling with a distinct interface between the hot upper layer and the cold
(ambient) layer. In reality, the hot and cold layers in a compartment both have a temperature gradient due
to buoyancy and conduction, and are separated by a transition region where the gradient is higher due to
turbulent mixing. Each method used to determine the location of the interface height results in different
estimates of the smoke layer interface located at different heights in the transition zone.

NFPA 92B (2005) refers to different locations in the transition zone depending on the application. For
smoke-filling calculations, the equations estimate the location of the first indication of smoke. This location
is near the bottom of the transition zone. For steady state exhaust calculations using the axisymmetric



plume equation, the smoke layer interface height is used. This interface is located near the top of the
transition zone.

The four algorithms for determining the smoke layer interface height were applied to the experimental

profiles. Preliminary estimates made with the various methods indicated that the higher temperatures
measured at the ceiling due to the ceiling jet affected the smoke layer estimates. With the ceiling jet
included, the smoke layer interface was in some cases located in the upper hot layer. It was determined that
the estimates using the integral and 80% percent methods were improved if the temperatures in the ceiling
jet flow were not included in the calculation (Lougheed et al. 2006). That is, the estimated smoke layer
interface was near the top of the transition zone (Figure 4). General trends noted for the results for the four
algorithms were as follows (Lougheed et al. 2006):

1.

The N-percent method is an empirical approach, which can be used to estimate the location of either
the top or bottom of the transition zone. Since the primary interest was the location of the top of the
transition zone, only the estimates using N = 80 and 90% were considered. Because of variations in the
upper layer temperature, the smoke layer interface estimates using 90% could result in an estimated
smoke layer interface height in the upper layer. The 80% assumption typically provided an estimate
near the top of the transition zone (Figure 4).

The maximum slope method in principle should estimate the mid-point of the transition zone. This
assumes that the general form of the temperature profile is consistent with an ellipsis curve. However,
the variations in the experimental data resulted in localized changes in the temperature-height profile.
As a result, the maximum slope method produced estimates, which varied throughout the transition
zone.

The integral (Quintiere) method provided estimates for the smoke layer interface near the top of the
transition zone. The results were typically comparable to the estimates obtained using the 80%
temperature increase.

The integration of the temperature-height curve produced results comparable to those using the integral
method and the 80% estimate. However, this approach showed larger variations in the location of the
smoke layer interface.
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Figure 4. Smoke layer heights Test 82 Profile D center thermocouple tree.

The smoke layer heights determined using the maximum slope, 80% and temperature-height methods
were compared with those determined using the integral method for the 400 temperature profiles measured
in the simulated atrium (Lougheed et al. 2006). The maximum slope method typically provided a lower
estimate for the smoke layer interface than the integral method. There was also a variation in the estimated
height due to the variations in temperatures in the transition zone.

The temperature-height estimates for the smoke layer interface were typically lower than the heights
estimated using the integral (Quintiere) method (Lougheed et al. 2006). The reason for these differences
was not determined. In many cases, the estimated height was at or below the bottom of the transition zone.

The 80% and integral methods gave comparable estimates for the smoke layer interface (Lougheed et
al. 2006). The 80% method did predict higher smoke layer levels especially for the smaller fire sizes, which
did not have a well-defined hot layer. The comparison improved with larger fire sizes.

Mass Entrainment in the Simulated Atrium

The relationships for mass flow for a spill plume in an atrium are typically in the form of a linear
equation relating the mass flow, my, to the height, z, above the balcony (Equation 2).

Using the full-scale data, the variation in the smoke interface height versus the increase in mass flow in
the exhaust system can be estimated. Using these estimated values, Equation 6 was used to estimate values
for the coefficient A,:

AA—Z’zAp(C)CWZ)% ©)

Estimates for the linear coefficient, A,, were tabulated using the smoke interface heights estimated using
the integral and 80% methods (Lougheed et al. 2006). Estimates were determined using the data from both
the center and north thermocouple trees.

The integral and 80% methods provide approximate smoke interface heights. The estimates are
affected by various factors including the ceiling jet and the changes in temperature profile with increasing
exhaust rate. For low mass flow rates, the interface heights could be inverted with increasing exhaust rate.
A comparison between the linear coefficient, A, determined using the difference in smoke layer interface
height determined using the 80% method and the integral method indicates that the values for A,
determined using the 80% method are generally lower than those determined using integral method
(Lougheed et al. 2006).

Although there was a good comparison between the interface heights determined using the two
approaches, there was minimal difference in interface height with increasing exhaust rate determined using
the integral method. This resulted in unrealistically high estimates for the linear coefficient. The
coefficients using the 80% methods were used for comparisons with the coefficients presently used in the
literature (Lougheed et al. 2006).
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Figure 5. Entrainment coefficient for tests with draft curtains.
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Figure 6. Entrainment coefficient for tests without draft curtains.

Figures 5 and 6 show plots of the entrainment coefficient versus the opening width for tests with and
without draft curtains, respectively. The results shown in the figures were estimated using the 80% method
for determining the smoke layer interface height. Also shown in the figures is the coefficient value, 0.41,
used in NFPA 92B (1995) assuming a convective heat release component of 65%.

The plume width used in the calculation of the entrainment coefficient for the tests with a draft curtain
was the width of the compartment opening, which was equivalent to the spacing between the draft curtains.
For the tests without draft curtains, the plume width was the width of the opening plus the depth of the
balcony as required in NFPA 92B (2005).

All the estimates for the linear coefficient, A,, were included in Figures 5 and 6. Possible outriders
were not removed from the data set. The results shown in each figure include tests with and without a



downstand and for heat outputs of 500-5000 kW. Overall the entrainment coefficient was independent of
these two parameters.

There are a number of factors that contributed to the variation in the results including the uncertainty in
estimating the variation in the smoke layer interface. Another factor was the height above the balcony at
which the entrainment coefficient was determined. With the low exhaust rates used in some tests, the
smoke layer interface height was near the balcony height (< 2 m above the balcony). For these cases, the
measurements were in the turning region of the plume where there is a high mass entrainment rate (Morgan
and Marshall 1975; Morgan et al. 1999). Also, the base of the transition zone was near the bottom of the
draft curtain separating the simulated atrium and the remainder of the test facility. Any smoke leakage
under draft curtain will result in a low estimate for the variation in the smoke layer interface height with
increasing exhaust rate and thus a high estimate for the entrainment coefficient.

Taking into consideration the uncertainty in the results, the linear coefficient determined using the data
for the tests without draft curtains is comparable to the value used in NFPA 92B (Figure 6). As such, the set
of full-scale tests without draft curtains are consistent with the approach used for estimating the plume
width and the air entrainment in the spill plume.

For the tests with draft curtains, the linear coefficient determined using the experimental data is higher
than that used in NFPA 92B particularly for the experiments with a 5 m opening. This set of results
indicates very high entrainment into the rising plume. For the experiments with the draft curtains, the
smoke flow is concentrated in a narrow region at the end of the balcony and in the rising plume. This
smoke flow produced a more localized ceiling jet flow resulting in a recirculation flow in the simulated
atrium that would produce additional air entrainment. This effect was investigated by Marshall and
Harrison (1996) and was provided as a reason for the need to use the effective layer depth correction in the
BRE spill plume method for small atriums.

For scenarios with wider openings both with draft curtains and without draft curtains, the ceiling jet
would have a smaller effect. As a result, the linear entrainment coefficients were comparable with those
used in NPFA 92B for these cases.

The experimental results indicate that the linear entrainment coefficient used in NFPA 92B is
conservative for most scenarios. One exception is the scenario with narrow openings with the smoke
confined by draft curtains in a small atrium in which the ceiling height above the balcony edge and the
atrium area is limited. In this scenario, there can be additional air entrainment into the smoke layer by the
ceiling jet flow. A mall scenario would be one situation in which this could occur. The second exception is
the scenario with the smoke layer height near the balcony height. There is high entrainment in the turning
region as the spill plume changes from a horizontal flow to a vertical smoke plume (Morgan et al. 1999).
CFD modeling studies indicate that the smoke mass flow rate can double in the region between the vertical
plane at the end of the balcony and the horizontal plane at the balcony edge (z, = 0) (Ko 2006;
Ko et al. 2007).

Plume Mass Flow at the End of the Balcony

B, is the second parameter in the linear relationship (Equation 2) for the mass entrainment in the spill
plume. This parameter defines the initial conditions at the end of the balcony.

For the relationships used in CIBSE (1995), which is based on the equation developed by Law (1995),
and NFPA 92B, the parameter B, is given by:

A (a,w?) %0250 ()

where

B, = coefficient defining initial conditions for spill plume at the end of the balcony (kg/s);
Oc = convective heat output (kW);

W = length of the spill (m);

H = height of the balcony (m);

A, = linear coefficient for spill plume (0.36 for CIBSE and 0.41 for NFPA 92B)

The estimated mass flow at the end of the balcony based on the CIBSE and NFPA values for A, were
determined (Lougheed et al. 2006). For the tests with draft curtains, the length of the spill plume is the
width of the compartment opening. For tests without draft curtains, the spill plume width is:



W=w+b ®)

where:

W width of the spill (m);

w = width of the opening from the area of origin (m);
b = distance from the opening to balcony edge (m).

The results were grouped by the four compartment opening and balcony geometries used in the
experiments. These were: 1) no downstand with draft curtains, 2) no downstand without draft curtains, 3)
with downstand and draft curtains and 4) with downstand and no draft curtains.

The mass flow rate at the end of the balcony was not measured experimentally. However, this flow rate
can be estimated using the experimental results for the mass flow rate through the compartment opening
and the factors for air entrainment under the balcony determined using CFD modeling for the four
experimental geometries (Ko 2006; Ko et al. 2007). Comparisons with the mass flow rates estimated using
Equation 7 are shown in Figures 7-10. Estimates were made using the linear coefficient, A, taken from
CIBSE (1995) and from NFPA 92B (2005). The estimated results using the NFPA 92B coefficient is 13.8%
higher than that determined using the CIBSE coefficient.

Figure 7 shows the comparisons for the scenario without a downstand and with draft curtains attached
to the balcony. The estimated mass flow rate at the end of the balcony is comparable to the experimental
results. The estimates based on the NFPA correlation are conservative for most cases. The highest
differences were for the high mass flow rates. These were typically the experiments with the 10 m opening
and the high heat release rates.

Figure 8 shows the comparisons for the experimental scenario without a downstand and without draft
curtains. The estimated mass flow rates at the end of the balcony are conservative for this scenario.
However, the results for tests with the 12 m opening including those without the balcony extension are
included. These experiments gave lower mass flow rates than was expected for this opening width.

Figure 9 shows the comparisons for the experimental scenario with a downstand and with draft
curtains. The estimated mass flow rates at the end of the balcony are conservative for this scenario.

Figure 10 shows the comparisons for the experimental scenario with a downstand and without draft
curtains. For most cases, the estimated mass flow rates at the end of the balcony are conservative for this
scenario. The exception were tests with the 12 m opening and high heat release rates that gave relatively
high mass flow rates through the compartment opening (Tests 81, 82 and 85).
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Figure 7. Estimated and experimental mass flow at end of balcony (no downstand and with draft curtains).



50 - .
g C o ]
< 40 F o ]
= ¥ o o, 1
U_O_ C O o o oo ]
g OF o o 00 E
] C ® o ]
s C ele} ° ]
= 20Ff o o 3 .
3 ¥ L 1
g q0f e CIBSE .
= C o NFPA92B | |
L C ]
0 L L L L
0 10 20 30 40 50

Experimental Mass Flow (kg/s)

Figure 8. Estimated and experimental mass flow at end of balcony (no downstand and without draft

curtains).

50 - s
o :
2 af 0 ° _
2 C o o) ° ]
5 I ° ]
L 30 O o le) -
a C o ° ° ]
© o o b
= C ™ ]

20 [ .
! & :
E 1of e CIBSE ]
£ 1o E
= 10¢ o NFPA92B ]
w C ]

oF ‘ ‘ ‘ ‘ ]

0 10 20 30 40 50
Experimental Mass Flow (kg/s)
Figure 9. Estimated and experimental mass flow at end of balcony (with downstand and with draft
curtains).

50 7]
Q o i
= C ]
= r o '
= 40 C o ]
= C ]
Ke) C o ® ]
L 30| o o ° o ]
7] - 0 90 e [ . ]
CEU - Oe 2. [J i
— 20 C o 09 O. 7
o C L4 ]
£ 10F e CBSE |
= - o NFPA92B |]
w C ]

0 L L L L

0 10 20 30 40 50

Experimental Mass Flow (kg/s)

Figure 10. Estimated and experimental mass flow at end of balcony (with downstand and without draft
curtains).

Based on these results, the mass flow rate at the end the balcony determined using the parameter, B,
are reasonable but conservative estimates of the mass flow rate. The exceptions were the two cases noted
previously.



SIMPLIFIED MODELS FOR BALCONY SPILL PLUME

An underlying assumption in the simplified relationships for the balcony spill plume is that the
entrainment in the atrium can be determined assuming it is a vertical line plume. In fact, the linear
entrainment coefficients for several of the relationships (Thomas 1987; Poreh et al. 1998; Thomas et al.
1998; Harrison 2004) are less than or comparable to the entrainment coefficient used in CIBSE (1995) for a
line plume originating in the atrium. The ones with lower linear entrainment coefficients were developed
assuming an infinite line plume and additional relationships are used to include end entrainment.

Initially, at the end of the balcony, the smoke flow is in the horizontal direction. Figure 11 shows an
approximate trajectory for the top and base of the spill plume assuming the smoke flow depth is
approximately 1.5 m. In determining the trajectories, it was assumed that the plume has a parabolic
trajectory in the initial stage. The thickness of the plume at the end of the balcony is typical of those found
in a series of tests in which the temperature profiles were measured under the balcony and at the end of the
balcony (Lougheed et al. 2006). Also, the locations of the inner and outer boundaries of the plume at the 1
m height are consistent with experimental results.

The initial trajectory of the maximum temperature in the spill plume as it projects into the atrium was
also determined (Lougheed et al. 2006). Based on the limited results measured at the 1 m height, the
maximum temperature in the plume was between 1 and 2 m from the end of the balcony with the location
depending on whether draft curtains were used. This indicates that, as the plume initially enters the atrium
area, the location of the maximum temperature in the plume follows a linear trajectory, which is between
45° and 60° to the vertical.

The spill plume relationship developed by Law (1986; 1995) used experimental data to determine the
entrainment parameter for the spill plume in the atrium space. A comparison of the CIBSE equations
(CIBSE 1995) for a line plume and the spill plume (Equations 3 and 4) indicates that the relationship is
equivalent to assuming a line plume trajectory in the atrium at 55° to the vertical axis. This linear
approximation to the spill plume is shown in Figure 11. Also, shown are linear trajectories at 45° and 60° to
the vertical. The latter is based on the correlation in NFPA 92B (2005).

The simplified model indicates that the algebraic relationship for the balcony spill plume based on
Law’s analysis includes two basic assumptions:

1. The virtual origin term estimates the mass flow rate at the end of the balcony. The results of the full-
scale experiments indicate that the empirical correlation given by Equation 7 provides a conservative
estimate for the four scenarios investigated (see Figures 7-10).

2. The linear term estimates the air entrainment in the spill plume in the atrium area assuming a line
plume, which has a trajectory of approximately 55° to 60° to the vertical. The full-scale estimates for
the linear coefficient, A,, are consistent with this assumption. This model is also consistent with the
visual observations of the plume in the simulated atrium.
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Figure 11. Spill plume trajectories.

The results of the full-scale experiments confirm the balcony spill plume relationship used in NFPA
92B for the near field. With this approach, the additional air entrainment into the plume resulting from the
horizontal flow as the plume enters the atrium is accounted for by assuming a tilted line plume. However,
as the plume rises in the atrium, the buoyancy effects will result in an increase in the vertical velocity and
air entrainment into the plume will decrease the horizontal velocity resulting in a vertical plume. In this
case, the use of a tilted line plume model would result in an over prediction of the air entrainment. The
effect on the far field estimates is discussed by Lougheed et al. (2006) and McCartney et al. (2007).

With the limited height of the simulated atrium used for the full-scale tests, the estimates for the linear
coefficient were determined typically between 2 and 4 m above the balcony. The estimates for the linear
coefficient using the results from the lower heights will result in higher estimates. This was particularly the
case for tests with high horizontal velocities such as those with the 5 m opening and draft curtains. In these
cases, there was also indication that there was additional entrainment due to the recirculation of the ceiling
jet flow. The estimated linear trajectory for the plume was between 70° and 80° to the vertical. Such linear
trajectories do not provide a realistic approximation of the plume trajectory in the near field and would
result in very high estimates for mass entrainment at higher heights. Overall, the present CIBSE (1995) and
NFPA 92B (2005) provide better estimates for the smoke entrainment into the spill plume in the near field
above the balcony.

The other approach to determining the mass entrainment into the spill plume was to assume a vertical
line plume in the atrium. Various methods were used to estimate the additional air entrainment as the plume
entered the atrium. For example, Morgan and Marshall (1975) developed a relationship for the additional
mass entrainment at the balcony edge. Above the balcony, the air entrainment into the plume was
determined assuming a vertical line plume. This included a relationship Morgan and Marshall (1975) for
the air entrainment in the rotation region.

Poreh et al. (1998), Thomas et al. (1998) and Harrison (2004) provide various methods for estimating
the additional mass entrainment into the plume as it enters atrium. Typically, these relationships are related
to the mass flow rate at the end of the balcony. It is also assumed that this flow rate can be approximated by
the mass flow through the compartment opening (Morgan et al. 1999). This assumption is reasonable for



the scenario without a downstand and with draft curtains in which there is limited entrainment into the
smoke flow under the balcony (Ko 2005; Ko et al. 2006).

As with the BRE spill plume method, the simplified equations for the air entrainment into the plume
developed by Poreh et al. (1989) and Thomas et al. (1998) assume a vertical line plume in the atrium space.
An essential element in these approaches is the estimate of the initial mass at the balcony edge. The
trajectories for the plume shown in Figure 11 indicate there is considerable horizontal flow as the plume
enters the atrium. With such a trajectory, there can be considerable air entrainment in the plume before it
reaches the balcony height (z, = 0). This is consistent with the findings of the CFD investigations, which
showed that the mass flow at the end of the balcony could be doubled at the edge of the balcony (z, = 0)
(Ko 2005; Ko et al. 2006). The correlations developed by Ko (2005) and Ko et al. (2006) using CFD
simulations provide an alternative method for estimating the mass flow rate at the balcony edge. These
correlations could also be used to generalize the simplified equations based on the vertical line plume
assumption.

CONCLUSIONS

There have been a number of concerns regarding the balcony spill plume equation provided in North
American standards and codes. These include: lack of verification by full-scale experiments and application
of the equation for high atria even though it was developed for low-height atria. As a result of these
concerns, ASHRAE initiated a project to evaluate the balcony spill plume equation used in North American
codes and standards (RP-1247). The research project included CFD modeling studies to investigate smoke
entrainment in the balcony area and smoke entrainment in high atria. However, the primary portion of the
research conducted, as part of RP 1247, was a series of full-scale experiments conducted to investigate
smoke flow in balcony spill plumes and the resulting mechanical exhaust requirements for an atrium.

The balcony spill plume scenario has primarily been investigated using 1/10™ scale physical models.
The full-scale experiments conducted for RP-1247 is the first time that an extensive series of full-scale
experiments have been used to investigate the effect of the various parameters on air entrainment into a
balcony spill plume. These experiments also provided data on the effect of the opening width, the presence
or absence of a downstand and the fire size on the conditions within the fire compartment and in the
compartment opening.

Temperature profiles were measured in a simulated atrium for a range of fire sizes and test geometries.
The results from these measurements were used to estimate the air entrainment into the spill plume. The
estimated mass entrainments were compared with those estimated using the algebraic equations for a
balcony spill plume provided in design guides and standards including CIBSE and NFPA 92B. Both of the
algebraic equations typically provide comparable but conservative comparisons to the experimental results.
The NFPA 92B equation, which uses a higher linear entrainment coefficient, A, typically produces more
conservative estimates for the mass entrainment than the CIBSE equation.

The results indicate the air entrainment in the atrium area estimated using the present design equations
provides reasonable estimates for the region near the balcony for most scenarios (i.e. in the near field). One
exception was the scenarios with draft curtains and a narrow (5 m) opening. In this case, higher estimates
for air entrainment were determined. These results were consistent with the results of previous
investigations conducted at BRE that indicated that the recirculation of the ceiling jet flow could produce
additional air entrainment in spaces with limited ceiling height and area.

The second exception was for scenarios in which the smoke layer was immediately above the balcony
(< 2 m). In this case, the high entrainment in the balcony area can result in higher air entrainment than
estimated using the algebraic equations.

The experimental results for air entrainment into the spill plume for scenarios without draft curtains
were consistent with the results determined using the algebraic equations. For these calculations, the
effective width of the plume that spilled into the simulated atrium was determined using Equation 8
developed by Law (1995) and used in NFPA 92B (2005).
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