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ABSTRACT 

This paper presents results of a project initiated by 
ASHRAE and the National Research Council of Canada. The 
project applies both physical and numerical modeling to 
atrium smoke exhaust systems to inv estig ate the effectiv eness 
of such systems and to develop g uidelines for their design. 

In this paper, results were obtained from a series of tests 
conducted using a larg e-scale physical model. The results from 
the physical model studies are used to inv estig ate the effect of 
various parameters including fire size, v olumetric flow rate for 
the smoke exhaust system, and the number and location of the 
exhaust inlets on the conditions in the atrium. 

INTRODUCTION 

An atrium within a building is a large open space created 
by an opening, or series of openings, in floor assemblies, thus 

connecting two or more stories of a building. 1 This design 
feature has gained considerable popularity, mainly because of 

its visual appeal. The sides of an atrium may be open to all 
floors, open to some of the floors, or closed to all or some of 
the floors by unrated or rated fire-resistant construction. Also, 
there may be two or more atria within a single building, all 
interconnected at the ground floor or on a number of floors. 

I. For the purposes of this paper, the definition of "atrium" will be 
in accordance with that used in NFPA 92B (1995) and by Klote 
and Milke (1992), that is, a large volume space in a commercial 
building. This includes office buildings, hotels, and hospitals with 
typical atrium spaces, covered malls, and other buildings with 
similar large volume spaces. It does not include warehouses, 
manufacturing facilities, or other similar spaces with high fire 
load densities. 

By interconnecting floor spaces, an atrium violates the 
concept of floor-to-floor compartmentation, which is intended 

to limit the spread of fire and smoke from the floor of fire 
origin to other stories inside a building. With a fire on the floor 
of an atrium or in any space open to it, smoke can fill the atrium 
and connected floor spaces. Elevators, open stairs, and egress 
routes that are within the atrium space can also become smoke 
laden. 

Protecting the occupants of a building from the adverse 
effects of smoke in the event of a fire is one of the primary 
objectives of any fire protection system design. Achieving this 
objective becomes more difficult when dealing with very large 
spaces, such as an atrium or an indoor sports arena, where a 
large number of occupants may be present and the compart­
ment geometries may be complex. Because of these difficul­

ties, model building codes place restrictions on the use of 
atrium spaces in buildings. Some of the requirements, which 
are commonly applied in codes for buildings with atria, 
include: 

• the installation of automatic sprinklers throughout the 
building, 

• limits on combustible materials on the floor of an 
atrium, 

• the installation of mechanical exhaust systems for use 
by firefighters, and 

• the provision of smoke management systems to main­
tain tenable conditions in egress routes. 

Atrium smoke management systems have become 
common in recent years, and design information for these 
systems is provided by NFPA 92B (NFPA 1995) and Klote and 
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where 
T max = th� m�um temperature, 
Tb = the temperature near the bottom of the compartment. 

such as NFPA 92B (NFPA 1995) are based on the location of 
the bottom of the hot zone (top of the tran'Sition zone), esti­
m�tes for the top and bottom of the transition zone are 
provided. 

In the references, the interpolation constant, en, was typi­
cally assumed to be in the range of 0.15 to Q.2. By usipg a low 
value for en, the smoke interface height .is estimated to be near 
the base of the transition zone between the hot and cold layers. 
For life safety purposes, this gives a conservative estim11te for 
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GE-SCALE PHYSICAL MODEL STUDIES 

Test Facility 

the height of the smoke interface. 
· 

A ·similar interpolation proCtfSS was used, to .'!Ilalyze. the 
t:xpefanental and numerical temperature and C02 profi!es to 
determine the' smoke interface heights. However, sillce a 
number of the calculations gi.�en in engineering design g�des 

A large-scale test facility was constructed in one comedif 
a hall, which has a clear height of 12.2 m. All dimensions for 
this facility were approximately two times the small-scale test 
facility descriht:cl in Luughet:cl ancl Hacljisuphudeuus (1997). 
Plan and elevation drawings for the large-scale test arrange­
ment are shown in Figures 1 and 2, respectively . 
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The,large-scale facility was approximately 13.1 m x 17 .2 
m. Two sides of the facility were the exterior walls of the hall. 
The other two sides were formed using draft curtains 
constructed using solid glass fiber insulation mounted in' a 
lightweight steel frame. The steel frame was attached to cable_s 
connected to the ceiling and floor of'the hall and spaced at li. 
m intervals. The lower 3 m of the interior partitions were left 
open to the main hall facility to provide ventilati�n to the te�t 
area. ,'.-

A 1.2 m diameter duct was attached below the ceiling 6f 
the atrium test facility, as shown in Figures 1 and 2. This duct 
entered the test facility through the north interior partition. For 
one test arrangement, a 90° elbow was connected to the south 
end of this duct. Extensions were connected to this elbow to 
provide a single exhaust inlet at various heights above the 
floor. These heights were 3.3 m, 6.3 m, 8.2 m, and 10.2 m 

computes the heat release rate from the volume flow rate of 
propane supplied to the burner. The propane flow rates were 
measured using rotometers. The second method was based on 
the oxyge� depletion method using the oxygen CO and C02 
concentration, temperature, and volumetric flow rate 
measured in the main exhaust duct� 

With the small tleat releases and large volumetric flow 
rates used for a number of tests, the depletion of oxygen in the 
exhaust gases was at or below the level for accur!lte heat 
release rate measurements using the oxygen depletion 
method. For these cases, the heat release rate was determined 
using the measured flow rate of propane into the burner. The 
oxygen depletion m�thod was used to verify the heat release 
rate results. 

Instrumentation 
(Figure 2). The room was instrumented with thermocouples and pitot 

For the second duct arrangement, sixteen 457 mm diam- Wbes for velocity measurements. The location of the instru-
eter ducts were connected to the central duct, as shown in mentation is shown in Figures 1 and 2. 
Figure 1. The location of the sixteen exhaust inlets provided by A thermocouple drop was located at the center of the test 
these ducts was scaled to the arrangement with the sixteen faeility over the propane burner, as shown in Figures 1 and 2. 
inlets used in the small-scale tests. However, for the large- · The thermocouples were spaced at 500 mm, starting 1.2 m 
scale tests, the exhaust inlets were located at a single height below the ceiling. 
(10.5 m above the floor). A second thermocouple drop with 19 thermocouples was 

The north end of the central duct was connected to a veifi.: , t located at the southeast quarter point of the test facility. These 
cal duct using two,45° .elbows. Two additional 45°: elbows thermocouples were spaced at 500 mm with the highest ther-
were used to connect the lower end of the vertical duct to a mocouple located ';lt the ceiling. The data obtained using these 
horizontal duct at floor level. This duct �onnected the exhaust thermocouples were used to determine the height of the smoke 
system to an axial fan with an approximate rated capacity ·of fuyer. 
28 m3/s. The fan was located at the' exterior of the building: A · In the multi-inlet tests, a set of 16 thermocouples was 
measuring station including a thermocouple, pitot tube, and .. located below the southeast duct inlet (Location 3a in Figures 
gas sampling inlet at the center of the duct was located mid- 1and2). The thermocouples were centered on the exhaust duct 
way between the last elbow in the duct system and the fan to "'' with the top thermocouple located at the inlet 10;5 m above the 
measure volumetric flow rate and heat release rate. A pitot floor. These thermocouples were used to measure the temper-
traverse was conducted to determine the shape factor for the ature below the exhaust inlet. 
system. In the tesis 0wlth �" single �ili�ust inlet, a thermocouple 

The maximum volumetric'· flow rate for the exhaust drop with-16 thennoco(Iples was located on the centerline of 
system under ambient conditions was approximately 25 m3/s. the duct (Location 3b hi Figures 1 and 2). The thermocouples 
This flow rate was used for one se!1-es of tests. In addition; tests were sp�ced at 0. 5;m. In the case with the duct inlet at a height 
were conducted with reduced flow rates produced by physi- of3.3 m, the lowest thermocouple was at2.3 m above the floor. 
cally blocking the fan' outlet using a perforated steel mesh. For the other three test configurations, the lowest thermocou-
Pitot tube traverses were made with and �ithout the blockages :. ple was 0. 9 m above the floor. For the configuration with the 
to ensure that they did not interfere with the volumetric flow ' duct ·inlet 6.3 m above the floor, five thermocouples were 
measurements; located on the centreline of the duct with the highest thermo-

The actual volu_l!letric t1ow rate produced by the fan in a couple approximately 2 m above the inlet. With the duct inlet 
test depended on a number <?:f facto,rs incJµding s_moke temper- , ___ -� at ifheight '6f 8.2 m and 10.2, the highest thermocouple was at 
ature and the number of exhaust inlets used. Therefore, the --- -the same height as the duct inlet and 2 m below the duct inlet, 
volumetric flow rate in the main duct was continuously · ·-resp.ectivety:·--- -

measured throughout a test. All the measured flow rates were' r "1' 1' " ·Tue volume flow rate, temperature, CO, C02, and oxygen 
converted to a flow rate at 20°C. "', concentrations were measured in the main exhaust duct. These 

A square propane sand burner wa used for the 'fire:',''':� ·a 1'.lrements were used to determine the heat release rate of 
source. The hum er was capahle of simu'IRting fires''��'I?-g�fa�' r' � ,�e )�,fe, _Jl well as to calculate the exhaust rate of the ventila­
from 250 kW to 5 000 kW with four possible fire areas: 0.145 tion system. A pitot tube and thermocouple located at the 
m2, 0.58 m2, 2.32 m2, and 9.3 m2. The heat release rate of the .,'.ceuJer.ofthe duct system were used to determine'the volumet-
fire was determined using two methods. The first method ric flow rate in the duct. 
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Test ProcEtdure .. ;f;" i' 
Most tests conducted in the facility described in the previ­

ous section were conducted over an extended period of time 
(up to one hour). The test procedure was as follows: 
1. All systems, includfug the mechanical exhaust system and 

data acquisition systei±i, were started. 
2. A small burner wa<; ignited and the propane flow rate wa<; 

adjusted to prq':ide a lo"'. heat release rate fire.'' 
3. All conditions in the test facility were monitored continu­

ously using the data acquisition system. 
4. The conditions in the test facility were allowed to stabilize 

'for approximately 15 minutes, producing a steady clear 
height with upper-layer exhaust. 

5. The heat relea<;e rate was increa<;ed and Steps 3 and 4 
·I repeated. · · 

Using. this test procedure, data could be acquired for 
several heat release rates under the same test conditions. 

Test Parameters 

The main parameters that were varied .in the tests 
conducted using the large-scale facility were as follow�: 
1. Heat release rate. Tests were conducted with the following 

nominal heat release rates: 250 kW, 500 kW, 600 kW, l 000 
kW, 1500 kW, 2000 kW, 2500 kW, 3000 kW, 4000 kW, and 
5000 kW. 

2. Number of exhaust inlets. Tests were conducted with one 
'and sixteen exhaust inlets. The single exhaust inlet was 1.2 
m in diameter. The 16 exhaust inlets were 457 mm in diam-
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Figure 3 Heat release rate for larg e-scale test. 
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30 

' '( ,�. ·;, ' . - . 
.,_,, eter. The locations of the'exhaust in let<; are shown in Figures 

1 and 2. 

3. The exhaust inlet height. A single height, 10.5 m, above the 
floor was used for the tests with 16 exhaust inlets. For a 
single exhaust inlet, tests were conducted with the exhaust 
inlet 3.3 m, 6.3 m, 8.2 m, and 10.2 m abqve the fl<?or. 

4. Volumetric flow rate. Tests were conducted with three 
nominal volumetric flow rates. The maximum volumetric 
flow rate at 20°C was, approximately 25 m3 /s. This flow rati;: 

�. was micd for one series oftcsts. Jn addition, partial blocking 
of the main duct was used to produce a medium and low 
flow rate. The volumetric flow rate produced by the exhaust 
system depends on several factors. The actual flow rate at 
the time other· measurements in the facility were taken is 
determined using the data obtained from the measuring 
station located in the main duct. 

Scaling 

Fot the range of heat release rates used in the test facility 
(250 kW to 5 000 kW) and using Equation 7 ,'the physical -model tests provide physical scalings ranging from approxi­"mately 1/lto 1/3 for· a'.5,000 kW steady-state design fire.'The 
tests thus sill{ulate atria with heights ratlging''from approxi­
mately 12.2 m to 3�.6 m. 

:For a 2,000 kW design fire, the tests provide physical 
scaling in the range of approximately 1/1 to 1/2.25, simulating 
atria with heights ranging from approximately 12.2 m to 28 m. 

1000 kW 

40 50 60 70 BO 
Time (min) 
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Stea�dy-State ,T�st Conditio'1�_,11 ., 
As discussed in the test procedure, the propane flow rate 

was adjusted to a predetermined level to produce the required 
heat release rate. Figure 3 shows the heat release rates 
measured using the oxygen depletion method. Also shown are 
the nominal heat release rates for the tests. 

The original estimates of the propane flow rates to 
produce the nominal heat release rate were based on literature 
values for propane density. Because 'bf fillers in the commer­
cial propane used for the tests, the actual density of the 
propane was lower than the literature value/This variation in 
the propane density produced an approximately 10% decrease 
in the heat release rates for the tests cmmpared with the nomi­
nal values. The resulting heat release rates for each test are 
summarized in Table 1. 

The fire was steadily maintained for.10 to 20 minutes at 
each heat release rate to allow stable conditioni; to be reached 
in the test facility. 

The temperature profiles measured at various heights in 
the test facility are given in Figure 4 for the heat release rates 
shown in Figure 3. The radiation from the fire produces some 
heating of the wall�. and air in the lower levels of the test facil­
�ty, especially for higll heat r�lease rate fires. As a result, the 
temperature profiles in the upper layer did not reach a steady 
c_ondition. Howev�r, in the later stages .of the test'�ith a given 
heat release.rate, the temperature increase was minimal. . . . �· t · I:· ' !"_r 

Steady-State Temperature Profiles ' : ' 

Subsequent to the tests, the time-temperature data were 
analyzed to determine the temperatures at the ·various loca­
! .' ! 
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Figure 4 Temperatures at room quarter point. 
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tions in the test facility at the end of the steady-state phase. 
These temperatures were used to determine· the §t�ady-state 
temperature profiles at the quarter-point of the room (Location 
2 in Figure 2) and at the duct inlet (Location �a for tests with 
16 duct inlets and Location 3b for tests with a single duct 
ip.let). Temperature profiles for all tests are provided in the 
final report for the project (Hadjisophocleous et al. 1998). 

Figures 5 and 6 show the temperature profile measured 
for tests with the nominal 1500 kW heat release rate and 16 
exhaust inlets located 10.5 m above the floor. The results are 
typical of cases in which there was a well-developed smoke 
layer below the exhaust inlets (heat release rate of 1000 kW or 
higher). 

Because ofthe variation in the ambient temperaturt< from 
test to test, the initial temperature was subtracted from the 
measured temperature. As such, the temperature profiles show 
the temperature difference produced by the fire rather than the 
actual temperatures measured in the specific test. 

With the extended time period used to obtain steady 
conditions, there was some heating of the air b�low the smoke 
layer. For the tests shown in Figures 5 and 6, the temperature 
in the lower layer was increased by 10°C. This increase in the 
lower temperature ranged from approximately 1 °C for the 
nominal 250 kW tests to 40°C for the tests at 5000 kW. 

Upper and Lower Layer Temperature 

As shown in Figure 5, the temperature profiles for the 
steady-state portion of the tests typically had temperature 

· plateaus in the hot and cold layl?rs. The_��mperatures in these 
two areas were averaged to c;!.etermine ��upper (Tu) and lower 

-�l 

1000 kW 

Test 40 

Time (min) 
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TABLE 1 (Continued) 
Results for Large-Scale Tests 

Heat 
Inlet 

Vol. 
Smoke 

Smoke Smoke Smoke Smoke Trans. AT AT Adiab. C02 Test Release Num.of 
Height 

Flow Prod. Height Depth Height Depth Zone Upper 
Duct AT Duct 

Num. Rate Inlets 
(m) 

Rate 
(m3/s) 

(ATso) (ATso) (AT20) (AT20) Depth Layer (OC) (OC) (%) 
(kW) (m3/s) (mi 

L-30 3600 1 6.3 15.2 15.9 5.1 

L-31 3600 1 6.3 19.5 15.9 5.1 

L-36 3600 1 8.2 20.1 19.3 5.9 

L-39 3600 1 R.2 14.5 17.2 :'i.4 

L-42 3600 1 10.2 13.7 17.6 5.5 

L-45 3600 1 10.2 18.5 18.4 5.7 

L-2 4500 16 10.5 19.9 22.8 6.2 

L-11 4500 16 10.5 19.7 23.4 6.3 

L-12 4500 16 10.5 17.8 24.8 6.6 

1.-27 4500 1 3.3 16.8 14.2 4.1 

L-29 4500 1 6.3 14.1 18.2 5.2 

L-33 4500 1 6.3 20.5 32.5 8.0 - - ,______ ,_ __ 

L-36 4500 1 8.2 18.3 19.6 5.5 

L-39 4500 1 8.2 14.0 18.2 5.2 

L-42 4500 1 10.2 13.3 18.7 5.3 

L-45 4500 1 10.2 17.0 20.1 5.6 

(T1) layer temperatures for use in determining the smoke inter­
face height. 

The average temperature for the upper layer for each test 
is given in Table 1. As discussed previously, the initial ambient 
temperatme was subtracted from the temperature data, and the 
upper-layer temperatures provided in the table are an estimate 
of the temperature difference produced by the fire. 

Smoke Interface 

The steady-state temperature profiles measured at Loca­
tion 2 (Figure l) were used to determine infurmaiiun n::ganling 
the height of the smoke interface, the thickness of the smoke 
transition zone, and the temperature in tqe upper layer. The 
method for estimating the smoke interface heights based on a 
limited number of tempetature ineasu�ements over the height 
of the facility was described previously. For the large-scaie 
tests, Equation 9 was used to provide estimates for the height 
of the bottom and top of the transition zone as follows: 

(m) 

1.2 

1.2 

2.3 

2.R 

4.7 

4.5 

4.3 

4.2 

3.9 

-0.8 

1.1 

-1.7 

2.7 

3.0 

4.9 

4.6 

1. Smoke height (H120). This height was dei:ermined by inter­
polating the temperature data to determine the height at · 

which the temperature difference between the hot and cold 
layers was 0.2 (Tu - T1). This gives a smoke'mterface height 
near the bottom of the transition zone. (Tu and T1 are the 
average temperatures in the upper and lower layer, respec­
tively.) 

10 

(m) (m) (m) (°C) 
4.7 1.5 0.4 111.2 95.4 131 0.56 

4.8 1.4 0.3 96.7 79.6 131 0.47 

5.3 2.9 0.6 91.8 85.6 108 0.53 

4.6 3.6 0.8 107.2 99.9 122 0.34 

4.8 5.4 0.7 105.2 97.2 119 0.62 

4.9 5.3 0.8 99.0 92.6 113 0.57 

5.3 5.2 0.8 91.5 88.4 114 

5.4 5.1 0.9 93.3 92.2 111 0.57 

5.5 5.0 1.1 127.3 131.1 105 0.84 

3.4 -0.1 0.7 145.8 43.6 184 0.27 

4.8 1.5 0.4 129.8 117.1 14:1 0.75 

5.0 1.3 3.0 116.7 103.8 80 0.64 - -
4.8 3.4 0.7 120.2 111.8 133 0.67 

4.3 3.9 0.9 137.3 128.0 1'13 0.81 

4.3 5.9 1.1 136.8 126.7 140 0.78 

4.6 4.6 1.1 127.6 119.5 130 0.75 

2. Smoke height (HT80). This height was.determined by inter­
polating the temperature data to determine the height at 
which the temperature difference between the hot and cold 
layers was 0.8 (Tu - T1). This gives a smoke interface height 
near the top of the transition zone. 
Based on the two smoke interface heights, two estimates 

for the depth of the smoke layer below the exhaust inlets can 
be determined. These are SDTSo and SD120, which give the 
depth of the smoke layer based on th_e smoke interface height 
estimates HTSo and H120, respectively. In addition, an estimate 
of the thickness or depth of the transition zone TDT is provided 
(Hrno - Hno). 

The smoke interlace heights estimated for all large-scale 
tests are summarized in Table 1. 

Measurements in the Duct 

Several parameters were measured in the main exhaust 
duct including temperature and C02 concentrations. The 
results for these measurements are given in Table 1. In addi­
tion, the'.measurements made in the ·duct were used to deter­
nrine the volumetric flow rate in the duct. These results were 
converted to the equivalent volumetric flow rate at 20°C. 

• ', r ' • •I'-. I, ."• < , \ � l 

Smoke Production and Adiabatic Temperature 

For an upper layer with little heat transfer to the atrium 
walls and ceiling and small radiative heat transfer from the 
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smoke layer, the upper layer can be thought of as adiabatic or 
as having negligible heat transfer (Klote 1994). Under such 
conditions, Equation 2 can be used to estimate the average 
temperature in the upper layer and the temperature in the 
exhaust gases. 

Design guides such as NFPA 92B (NFPA 1995) provide 
equations for estimating the mass flow rate of smoke into the 
hul upper layer (Ey_ualiuu 1). Using lhe upper layer heighl 

determined experimentally (H180), this equation was used to 
estimate the mass flow rate into the upper layer. In order to 
provide a comparison with measured exhaust rate, this flow 
rate was converted to a volumetric flow rate of smoke into the 
upper layer using Equation 2 for the adiabatic plume temper­
ature and the ideal gas law (Equation 3). The results were 
converted to an equivalent flow rate at 20°C. The calculated 
smoke produclion rates and adiabatic temperatures are given 
in Table 1. 

The calculations for smoke flow rate into the upper layer 
and upper layer temperature were carried out using the simple 
plume method included in the ASMET set of engineering tools 
(Klote 1994). For these calculations, the convective heat 
release rate was assumed to be 70% of the measured total heat 
release rate. A comparison of the increase in upper layer 
temperature measured experimentally with the model results 
is shown in Figure 7. The results indicate that the adiabatic 
Lemperalure increase lends lube slighlly higher lhan the exper­
imental result. However, considering the wide range of test 
parameters, there is a good correlation between the measured 
and estimated temperature increase. 
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A correlation between the measured upper-layer temper­
ature and the temperature measured in the duct is shown in 
Figure 8. The temperatures measured in the duct were lower 
than those measured in the compartment. 

There was a substantial length of duct (> 30 m) between 
the compartment and the measuring station in which heat 
could be lost through the duct wall. However, the difference in 
duct and upper layer temperature was not proportional to 
temperature. This indicates that heat transfer losses from the 
exhaust duct were not the only factor producing the tempera­
ture difference. 

The test conditions under which there were major differ­
ences in the two temperatures were those in which the smoke 
layer was near to or above the duct inlet, resulting in cold air 
being entrained into the exhaust. 

Smoke Exhaust Rate-Large-Scale Tests 

Equation 1 can be used to calculate the mass flow rate of 
' smoke into the upper layer. For a steady process, it also defines 

the amount of smoke exhausted using the fan system. In an 
ideal smoke management system, the smoke exhaust rate 
should be equivalent to the rate of smoke production. 
However, in the physical model tests, one objective was to 
investigate situations in which the smoke exhaust system was 
not operating at maximum efficiency. This was accomplished 
by locating the exhaust inlets at levels near or below the level 
at which the steady-state smoke interface would normally 
occur for a specified condition (volumetric exhaust rate and 
heat release rate). Under these conditions, cold air was 
entrained with the smoke produced by the fire. 
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Figure 7 Corre
'
tation of adiabatic and upper layer temperature for large-scale tests. 

12 CH-99-8-2 (RP.899) 



\ ) 

Figure 8; 

.. 

(' 'J 'I' '• 

• 
140 • 

.. • 
120 • • 

E • 
•• 

� 100 • • • 
::i • • •• 
� Ql • • a. 80 E • 2 
lii 

60 >- • .!!! ·• •1 .... Ql • • a. a. 40 :::> • • 
20 

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 

Duct temperature (°C) 

Correlation of duct and upper layer temperature for large-scale tests. 

35 

30 .. 

� 25 '• 

"' .s • .-, 

c: 
20 0 

� ::i -0 � 
15 a.. 

Ql � 0 E 
rn 10 • 

5 

0 
0 5 10 

• 

• • 

• 
.•. . • • 1·. 

. � . .. , . . , � ... . . :tt ... .. ·. 
•e• I • • .. • . .. - ,. ). . . �. • • 

15 

. 
' 

• 
• 

20 

• • 

25 30 

., 
3 Volumetric Flow Rate (m /s) 

Figure 9 Correlation of smoke production w ith exhaust rate for large-scale physical model. 

Results for Tests with 16 Exhaust Inlets 

r • 

In practice, it was possible to produce situations with a 
high percentage of the air in the exhaust system (up to 
75%) consisting of air entrained from the lower layer. This 
is illustrated by th,e comparison of mechanical exhaust rates 
vs. smoke production shown in Figure 9. For this compari­
son, the smoke mass production rate was estimated using 
Equation 1. Using the calculate� u�per-:li1-xer t��peratur� .. 
and the ideal gas law, the volumetric flow'of smoke into' 
the upper layer was estimated using Equation1�.·; n;1;,;'.: ·;, . 

The results for the tests with 16 exhaust inlets located 1. 7 
m below the ceiling can be grouped into two categories based 
on the heat release rate. For tests with measured heat release 
rates greater than 900 kW, there was a well-developed smoke 

?.'.JI y ' (. - 1 , . �, '. 

' 'CH-99-8-2 (RP-899) 

.. .. :. l 'i• 

__ la,yer b<?lo�the in.lets and the estimated smoke production rate 
was comparable to the .ll.1easured exhaust rate (Figure 9). For 
the low heat release rate tests, there were cases in which the 

;,h'leasuted volumetric flow rate exceeded the estimated smoke 
, . p�oductio11 by up to a factor of z. ':pie results for each group of 

tests are discussed in the following sections. 

13 



1 2.0 

1 1 .0 

1 0.0 

9.0 

8.0 
E' 7.0 .._, 
c:: 
.Q 6.0 -t'O 
> Q) 5.0 jj] 

4.0 

3.0 

2.0 

1 .0 

0.0 
-2 0 2 

___..__ Test L-02: 1 0.5 m, 24.1 m3/s 
----- Test L-03: 1 0 .5 m, 22.9 m3/s 
---.&.- Test L-1 O: 1 0.5 m, 23.1 m3ts 
-v- Test L-1 3: 1 0.5 m, 9 .0 m3/s 
-+-- Test L-1 4: 1 0.5 m, 25.1 m3/s 
-+-- Test L-1 7: 10.5 m, 25.4 m3/s 
--@--- Test L-1 8: 10.5 m, 25.6 m3/s 
--m--- Test L-19: 10.5 m, 20.0 m3/s 

4 
Temperature ( C) 

6 8 

Figure 10 Quarter-point temperature profiles for 225 kW tests and 16 ports. 
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Figure 12 Quarter-point temperature profiles for 450 kW tests and 16 ports. 
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however, a small decrease in the temperature at the height of 
the exhaust inlet relative to the temperatures above and below 
this height. This would suggest that there might be some 
mixing of the air from the cold lower layer into the upper layer_ 
due to the exhaust system. 

The temperature profiles measured below the duct inlet 
and at the facility quarter-point are comparable (Figure 16). 
Also, the temperature measured at the center of the duct inlet 
is comparable to the temperature measured at the same eleva­
tion in the test facility and the temperature measured in the 
main exhaust system. 

Tht: uppt:r layt:r aml Uul:l lt:mpt:ralurt:s mt:asurt:u in I.lit: 
high heat release tests with 16 exhaust inlets (Table 1) are 
comparable. With a well-developed smoke layer formed 
below the duct inlet, the air in the exhaust system is predom­
inantly from the upper hot lnycr. 

The temperature profiles became more stable as the 
smoke depth below the duct inlet increased. Consistent results 
were obtained when the upper, or 80% temperature difference 
interface was 1 m to 2 m below the duct inlet. 

The smoke interface.heights (IJ::jg0 ahd IIn�). as well as 
the depth of the transition zone and the d�ct inlet height, are 
shown in Figure 17 fm: tests with heat release rates of 2700 kW. 
Tests 1 through 8 were conducted with the 16 duct inlets and 

Tests with a Single Exhaust Inlet 

A series of tests were conducted with a single large 
exhaust inlet at various heights (3.3 m, 6.3 m, 8.2 m, and 10.2 
m above the floor). The temperature profiles at the room quar­
ter-point and at the duct inlet are given in the final report for 
the project (Hadjisophocleous et al. 1998). With the duct inlet 
at 8.2 m and 10.2 m, duct thermocouples were all located 
helow the inlet he.ighl. For lhe Le.sls wilh U1e inle.L al 3.3 m antl 
6.3 m, several thermocouples were located inside the duct on 
the centreline. 

The temperature profiles for a series of tests at 3600 kW 
are shown in Figures 18 and 19. For these tests, the tempera­
ture profiles at the room quarter-point are similar to those 
obtained with the 16 duct inlets. That is, there are four distinct 
temperature zones, as follows: 
1. A hot upper layer in which the temperature docs not vary 

substantially with height. 
2. The hottest region, located immediately above the transi­

tion zone. Since the room quarter-point was only 6 m from 
the fire, there could be some direct heating into the lower 
smoke interface. Also, the CPD modeling results indicate 
there .. � .. ,:u3 3omc rr1ixing of the cold air from t.l:ic lo·vvcr layer 
into the upper layer (Hadjisophocleous et al. 1999). 

the remaining tests with the single exhaust inlet. The latter ' '1 3. 
tests will be discussed in the next section. 

A transition zone between 5 111 and 6 m with a rapid change 
in temperature. 

The interface heights are dependent on the exhaust rate '. '4. 
with the HTSo interface at a height of 6 m to 7 m and the Hno 
interface at a height of 5 m to 6 m. The transition depth was 
approximately 0.8 m to 1.0 m. · 

A cold lower layer in whiCh the temperature does not vary 
substantially with height. Due to extended heating from the 
fire, this zone WC!S approximately 20°C above ambient 
temperature. 
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The temperature profiles measured at the duct inlet varied. 
For tests L-39, L-42, and L-45, the temperature profiles below 
the duct were comparable to those measured at the room quar­
ter-point. For these cases, the smoke layer below the inlet was 
well developed and the air entrained in the exhaust inlet was 
primarily from the hot layer. The upper layer and duct temper­
atures are also comparable (Table 1 ). 

For Test L-36, the temperatures measured below the duct 
inlet were slightly lower than those measured at the same 
height at the room quarter-point. This would indicate that 
some air was being entrained from the lower layer in this case . .  

For Tests L-30 and L-3 1 ,  with the duct inlet at 6.3 m, the 
temperatures measured below .and inside the duct on the 
centerline were substantially cooler than those measured at the 
same height at the room quarter-point. In these tests, air was 
being drawn from Lhti lower lay�( up inlo Lhe duel. However, 
the temperature on the centerline of the duct above the height 
of the inlet increased as the air in the exhaust inlet was mixed. 
This suggests that much of the flow into the duct was from the 
surrounding hot layer. This is consistent with the dud temper- '·1 • 
ature results, which showed a 20%_ temperature de.crease 
compared to the upper-layer temperature. 

The smoke interface heights, as · 'well as the duct inlet 
height and the transition depth, are shown in Figure 20 for the 
3600 kW tests. These results indicate that the smoke interface 
heights are relatively constant from test to test. The 20% 
temperature increase height was relatively constant for the 
tests, taking into consideration the differences in exhaust rates 
from test to test. The 80% temperature interface was lower 
with the duct inlet at the 6.3 m height. T�is indicates there was 
a decrease in exhaust efficiency in this case. 
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The smoke interface height results were similar in the 
tests at 2700 kW, as shown in Figure 17. Also shown in this 
figure are the results for tests with 16 duct inlets. The smoke 
interface heights measured with the single exhaust inlet are 
comparable to, but generally lower than, those obtained with 
the 16 exhaust inlets. This suggests that the exhaust system 
with a single exhaust inlet is generally less efficient than the 
sxstem with 16 exhaust inlets. 

The duct and upper-layer temperatures given in Table 1 
also indicate,the decreased efficiency. For tests with the single 
eXhaust inlet, thete is an increased temperature difference, 
indicating more mixing of air from the cold layer into the 
exhaust system. 

The interface heights for the tests with the single exhaust 
inlet at 6.3 m are shown in Figure 21. The heat release rates for 
the', tests wcrc tis follows: Tcsts 1 tind ?., 450 kW; Tcsts 3 tind 
4, 900 kW; Tests 5 and 6, 1800 kW; Tests 7 and 8, 2700 kW; 
Tests 8 and 9, 3600 kW; and Tests 11 and 12, 4500 kW. 

For the low heat release rate tests, the interface height .is 
near the 'inlet height. For higher heat release rates, a smoke 
layer developed below the exhaust inlet reaching a depth of 1 
m to 1.5 m. In all cases, the parameters indicate there was some 
cold air entrainment mto the exhaust system. Also, there are 
indications that the exhaust system was extracting smoke from 
above the inlet height. This is demonstrated in the results for 
Test 12 shown in Figure 21 (Test L-27) in which the H T80 inter­
face was well above the inlet height. The heat release rate for 
this test was 4500. 

Figure 22 shows the interface heights for a series of tests 
with the single dtlct inlet at 8.2 m. For these tests, the clear 
hf?ight is d�pendent cm, the heat release rate and volumetric 
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/� I . -� flow rates. Also, for the higher heat release rates for whidi the 

smoke depth below the inlet wa� > 2 m, the efficiency of the 
wbere 
V: � 

; t v '  
= volume rate of flow, m3/s; 
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i exhaust system was improved. · � . ., �; ;: , :ia · .  
0 � "• I , e = depth of hot gases below the exhaust inlet, m; 

PLUGHOLING � · .. · : ··� ; , i _ :e = temperaturt? above ambient, K; 
� . � 

Cold air entr�inment in�� R smok�: 1v.l?nting systelJI is To;� = .:;un6ient terr\.perature, K; and 

addressed by Hinckley ( 1 995' ': B.ased pn �nvestigations with _ g -� �cceleratio�t.due to gravity, m/s2. 
gravity venting ystems, it.waS ae/enniriedi that the driset of the. l .1 li.i ' . ' Work o� �ents indicates that a Froude number of 1.5 is 
plugholing phenomena depends on a Froude number, Fe: applicable for vents near the center of a smoke reservoir and 
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0 1. 1 is applicable for vents near the sides (Morgan and Gardiner 
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1990). 
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Hinckley (1995) defines Equation 10 ih terms of the 
smoke depth. However, the equation was developed assuming 
the smoke venLsystems were located at the ceiling. In the 
follo�i�g analysis, it is assumed that the smoke depth in Equa-· 
tion 10 'represents the distance between the exhaust inlet and 
the clear height. '. 

Plots for maximum volumetric-. flow rate vs. smQke depth· 
are shpw)l in.Figure 23 for smoke temperat�es of 5°C;:l0°C, 
25°C, 50°C, 75°C, 100°C, 125°C, and 150°C ab.ove ambient 
using a Froude number of 1 J .  The tempeliature increases are 
represe�tati��· ofthos� mea�,ured in the physical model tests. 

For the small-scale physical model tests, the volumetric 
flow rate per exhaust inlet Wal) in the range of 0, 1 m3 /s to Q.5 
m3/s, depe��ing on the numb�r1 of exha,ust inlets that w�re 
open anp tb� operating �peed of the fan. For ·this volmpetric 
flow range,· Figure 23 · i�<licates that air ent;rainme,11t would 
occur for smoke depths between 0.5 m a,nd 1.0 m for the range. 
?,f �bmperafures prod�ced in the tes�' �rogram. The �esufts of 
the1small-scale physical model tests were consistent with the 
analysis based on Eqti°ation 10 (Lougheed and Hadjisophocle­
ous 1997). 

For the large-scale tests with the 16 exhaust inlets, the volu­
. metric-flow-rate-per-inlet ranged.from.0.5-m3/s-to-1.5-m3/s. 
Based on Figure 23, air entrainment would become a problem 
for smoke depth in the range of 0.5 m to 1.5 m, depending on 
the temperature in the upper zone. Also, the probahility of 

entraining air from the lower layer increases as the temperature 
in the upper layer decreases. Overall, the large-scale tests are 
consistent with this analysis. Typically, the exhaust system is 

22 

) ._, 

efficient iHhe smoke layer depth below the heighf"of the 
. ' .\ 

eXhausf infof riteets the requirements shown in Fl.gure 23. . 
, ,' ·' � �� 1 I • ;  ,' 

For the large-scale physical model tests· with a: single 
exhaust inlet, the volumetric flow rates ranged from 10 m3/s 
to 25 m3/s. The analysis shown in Figure 23 indicates ili� 
smok;e dep\h below the exhaµst inlet should be 1.5 m to 3.0 m 
for an efficient e�aU;st system. This is consistent with the 
large-scale results. , ,  

' .  t • � ' , .l 
. The small- and large-scale physical model tests covered 

a broad range of volumetric flow r�tes through e:iliaust inlets 
(0.25.m3/s fo 25 m3/s).  The tesults indicate that ��u·al)Jm 10 
can b� , �sed to estima�e the cqncif?�?ns for rv?}cn an e�cient 
smo�e exhaust system can be designed. 

i: , :  

:Relativ.ely thin smoke layerS i(<. 0.25 m) \Vere measured 
below the exhaust inlet in some situations. Hbwever, in these 
cases, the exhaust rate was - mucH greater ' tllafl' the ' :smoke 
production fate (> 2;l) indicating• air entrainmenf from the 
cold layer along with the smoke produced �by' tht!; fire. 
However, as the heat release rate and thus the rate of smoke 
production increased, a stable smoke layer formed under the 
inlets . 

With exhaust inlets extended below the ceiling, the results 
indicated that the flow into the exhaust system was from both 
above and below the height of the inlet. In this case, there were 
tests in which the relative proportion of cold air to smoke was 
very high. Although this system was very inefficient, it was 
still effective in exhausting smoke. 
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CONCLUSIONS 

This paper presents results of physical model studies 
performed in an atrium space with mechanical exhaust. It also 
investigates the effect of fire size and opening location on the 
conditions in the atrium. 

The results indicate that for the atrium studied, the corre­
lations in NFPA 92B used for the design of exhaust system are 
valid. The results of these equations are consistent with the 
experimental findings. The results also demonstrate that when 
the exhaust systems operate near or just below their design 
capacity, they are effective in extracting gases from the hot 
layer without drawing in air from the lower layer. As expected, 
when the systems operate well above the required flcl'w rates, 
fresh air from the lower layer enters the system. This, 
however, does not make the system ineffective as the level of 
the hot layer remains at accept�ble levels. 

The plugholing equation provided by Hinckley (1995) . 
was investigated using the results of the various studies. A 
wide range of conditions were investigated. The results iii.di= 
cate that this correlation can be used to deterinine if a partic­
ular design will provide an efficient smoke exhaust system. 

The physical model tests and numerical investigations , 
indicate that it is very difficult to develop a test scenario in 
which the exhaust system would fail. With the rapid decrease 
in smoke . production with dt<preasing clear. height an<!- t�e 
incr�asing 9(¥ciency of a smolce exhaust sy,_s.�em a� a sm<?ke 
layer forms beneath the exhaust inlet, a stable, efficient system 
is gene rally obtained as the heat release rate increases: 

') / ,  • ,  
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