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The Plaza Hotel fire experiments 

The effectiveness of zoned smoke control systems 
was demonstrated by these smoke movement experiments 

-v John H. Klote 
,. Member ASHRAE 

Smoke is recognized as the major killer in building fires. 
Smoke often migrates to building locations remote from the 

fire space. threatening life and damaging property. Stairwells 
and elevator shafts frequently become smoke·clogged, there
by blocking evacuation and inhibiting rescue and tirefighting. 

The MGM Grand Hotel fire (Best, Demers 1982) is an ex
ample of the smoke problem. There, the fi re was limited to the 
· 3t floor, but smoke spread throughout the building . Some 

..:.ccupants on upper floors were exposed to smoke for hours 
before rescue. The death toll was 85, and the majority of the 
deaths were on floors far above the fire. (It is a credit to the Clark 
County Fire Department that during such a complex firefighting 
operation, the location of exposure is known for all but six of 
the fatalities.) 

-ASHRAE 
Research 

The MGM Grand Hotel fire is not unique in this respect as is 
illustrated by the fires at the Roosevelt Hotel (Juillerant 1964) 
and the Johnson City Retirement Center (Steckler et al. 1990). 
All these fires were located on the first floor. but the majority of 
.1eaths were on upper floors, as shown in Figure 1. As a solution 

•O the smoke problem, the concept of zoned smoke control 
was developed. 

A series of full-scale fire experiments of zoned smoke con
trol was conducted at the seven-story Plaza Hotel in Washing
ton, D.C. A zoned smoke control system uses pressurization 
produced by fans to restrict smoke flow to the zone of fire origin . 
The benefit of this system is that other zones in the building 

About the author 
John H. Klote is the head f the Building Fire Physics Group at the 
Center for Fire Research, National Institute of Standards and 
Technology, Gaithersburg, Maryland. He received his B.S. from 
the University of Michigan and his M.S. and D.Sc. from George 
Washington University, all in mechanical engineering. Klote is 
chairman of ASHRAE Technical Committee 5.6 (Control of 
Fi re and Smoke) and a member of the Handbook Committee. He 
is also a member of the National Fire Protection Association and 
the Society of Fire Protection Engineers. 

\SHRAE JOURNAL October 1990 

remain essentially "smoke free," reducing property loss and 
hazard to life. 

Before this project, no zoned smoke control system had 
been tested under real fire conditions as part of an organized, 
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Figure 1. Deaths by floor for three fires where the fire 
was located on the first floor. 
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Plaza Hotel 

analytical engineering research project. However, such experi
mental programs of smoke control systems for stairwells and 
elevators have been conducted. 

The intent of this article is to qualitatively describe some of 
the results of the Plaza Hotel experiments that are relevant to 
smoke control design and testing. A total of 12 tests were con
ducted to study smoke movement due to unsprinklered wood 
fires, sprinklered wood fires and smoke bombs (Table 1 ). 

Based on tests by Walton (1988), the 300-lb unsprinklered 
wood fires burned at the Plaza Hotel had an approximate heat 

SYMBOLS: 

UP Up S 
ON Down p 
Elev Elevator 
4> Thermocouple Tree P/P 
G Gas Probe (CO, C02, 0 2) 

Smoke Mater 
Dittarantial Pressure Probe 
at Floor to Ceiling Balow 
Ditterential Pressure 
Probe Across Wall 

~ Indicates Fire 
~ Hardened Areas 

Figure 2. Second floor plan of the Plaza Hotel. 

release rate of 5 x 106 Btu/h. The temperatures from these fires 
were about 1200°F in the corridor 20 ft away from the fire. The 
smoke bomb tests were conducted to evaluate the extent to 
which smoke bombs are appropriate for acceptance testing of 
these systems. 

Because of space limitations, the sprinklered tests are not 
discussed here. However, it should be noted that sprinklered 
tires produce such small pressure differences that they are not 
much of a challenge for a smoke control system. Smoke move
ment in these experiments was evaluated from smoke obscur
ation measurements, gas concentration (CO, C02 and 0 2) 

measurements, and video recordings. Further results and 
experimental details are presented in Klote (1990). 

The Plaza Hotel Building was a masonry structure consist
ing of two wings, one three stories tall and the other seven sto
ries tall. The wings were connected to each other at only one 
location on each floor as can be seen from the second floor 
plan (Figure 2). 

The connections between the wings at each floor were 
sealed off, and the fires were set on the second floor of the 
seven-story wing, using the shorter wing as an instrumentation 
area. The areas of the second floor indicated in Figure 2 were 
fire hardened to minimize structural damage to the building. 

Smoke control systems 

The smoke control system was designed using the meth
ods of the ASHRAE smoke control manual (Klote, Fothergill 
1983). The design analysis is discussed in detail by Klote 
(1988). The minimum design pressure difference was 0.10 in. 
w.g. This level of pressurization is recommended by the Na
tional Fire Protection Association (1988) for smoke control in 
unsprinklered buildings. 

A dedicated system of fans and ducts was installed for 
zoned smoke control and stairwell pressurization . The smoke 
control system is shown in Figure 3, and the intent of the sys-

Table 1. Test Schedule 
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Fire Zoned Stairwell Condition of Stairwell Doors at: 

Load2 Smoke Pressurl- Activation Basement 2nd 7th 
Test Test l'Jpe (lb) Control3 zation4 Tlme5 (min.) to Outside Floor6 Floor 

1 Wood Fire 300 off off closed closed closed 
2 Smoke Bomb on off 0 closed closed closed 
3 Wood Fire 200 on off 0 closed 112 in. closed 
4 Smoke Bomb off off closed 112 in. open 
5 Wood Fire 300 off off closed 1/2 in. open 
6 Smoke Bomb on on 0 open 1/2 in. open 
7 Wood Fire 300 on on 0 open 1/2 in. open 
8 Smoke Bomb on on 4 open 112 in. open 
9 Wood Fire 300 on on 4 open 1/2 in. open 

10 Sprinklered 300 off off closed 1/2 in. open 
11 Sprinklered 300 off off closed 1/2 in. open 
12 Wood Fire 600 on on 0 open 112 in. closed 

1 All fires in the second floor corridor and all windows closed except for test 12 where: the fire was in the fire hardened room on the second floor; and the win
dow in that room was open. 
2 Fire load is approximate. 
3Zoned smoke control consisted of pressurization of first and third floors at 2,000 cfm (0.94 m3/s) each, and exhaust of the second floor at the same rate. 
4 Stairwell pressurization consisted of supplying 9,000 cfm into the stairwell at the first floor with the exterior basement door open. 
5 Activation time is the time after ignition that the smoke control system and stairwell pressurization system are turned on. 
6Sacond floor door designation 1/2 in. indicates that the door was cracked open 1/2 in. 
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,3~erilflo System 
Provides Significant 
Particulate Reductions 
in Operating Rooms 

Enforced directional air movement 
provides a positive movement of par
ticulate matter downward and out 

The Sterilflo System represents the 
latest in operating room air distribu
tion methods, exceeding Class 1 Micro
biologic Air Cleanliness requirements. 

The system first removes particu
late from supply air before it enters the 
operating room. Then high volume air 
changes of approximately 65 per hour 
flush contaminated air from the area, 
eliminating any suspended particles. 

from the operative field. Isolation is 
attained by maintaining a higher total 

The Quality You've Come To Expect 

With Turnaround Times 
You Never Thought Possible. 

The Krueger name has been associated with quality HVAC equipment 
f~r ov_er 35 years. We've built our reputatio~ by providing an unmatched com
bmation of product performance and selectton. Our quality products are 
backed by an experienced technical staff and more than 77 representative 
sales offices across the country. 

To keep y~ur job on sch.edule. Krueger produces products ~vhen you need 
them. Recent mvestments m our plants and equipment enable us to build 
and ship in record time. Our most popular products can even be shipped 

P.O. Box 5468 
Tucson, AZ 85703-9990 

within three days ·- part of a program we 
call "Quick Ship.'' 

With the broadest product line in the 
industry, unrivaled customer support, 
and a renewed commitment to on-time 
delivery, Krueger provides the HVAC 
solutions you need -- and have every right 
to expect. 

Phone: (602) 622-7601 Fax: (602) 884-7088 

(Circle No. 22 on Reader Service Card) 
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pressure within the "inner room" 
around the operating table than the 
remainder of the operating room. This 
provides double protection: from par
ticles entering from outside the room 
and from particles generated by per
sonnel and equipment in the room. 

Krueger Hotline: l 602) 622-=7601 
(Circle No. 20 on Reader Service Card) 

New Fire Rated 
Ceiling Diffusers 

Several new fire rated ceiling 
diffusers are now available from 
Krueger. These new models include 
perforated face, round neck louvered. 
face and square neck louvered face 

diffusers. All feature factory installed, 
UL. approved fire damper and blanket 

Krueger Hotline: (602) 622-7601 
(Circle No. 21 on Reader Service Card) 

Line of Grilles, 
Registers and 
Diffusers for Minimum 
to Maximum Security 
Applications 

Krueger offers a complete line of 
grilles, registers and diffusers to meet 
all specifications for minimum to 
maximum security applications. All 

= 

metmt=mmmmmm 
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I 
units are constructed of durable, heavy 
gauge material and are available with a 
variety of options for design flexibility. 
Krueger security products meet or 
exceed ASTM standards. 

Krueger Hotline: (602) 622-7601 

(Circle No. 23 on Reader Service Card) 
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Plaza Hotel 

tern is to prevent smoke escape from the fire floor. This type of 
system is not intended to improve tenability conditions on the 
fire floor. 

The smoke control system consisted of a 2,000 cfm 
exhaust Ian on the fire floor (Figure 3), a 2,000 elm pressuriza
tion fan on the first noor, a 2.000 cfm pressurization fan on the 
third floor, plus another centrifugal fan located outside that sup· 
plied 9,000 cfm of pressurization air to the stairwell at the first 
floor. The 2,000 ctm amounts to about six air changes of each of 
these floors. 

Unsprlnklered fires 

The unsprinklered fires without smoke control (tests 1 and 
5, see Table 1) resulted in smoke movement to the stairwell and 
the upper floors or the building. For test 1, all stairwell doors 
were closed throughout the fi re, and the smoke concentrations 
were relatively low in the stairwell and on the upper floors. 

Pressurization produced by the smoke control system dur· 
ing test 3 resulted In essentially no smoke ln the stairwell and 
other floors. The low smoke concentrations away from the fire 
floor during test 1 indicate that significant benefits can result 
from tight compartmentation. 

Frequently in building fires, there are larger openings for 
smoke flow than there were for tests 1 and 3. To evaluate some 
of these openings, several tests were conducted with the lire 
floor stairwell door 1/2-in. open and the seventh floor stairwell 
door completely open. The fi re floor stairwell door was open to 
simulate the gap of a door warped due to high differential tern· 
peratures, and the completely open door simulated a door that 
was accidentally blocked open. 

Test 5 had this condition of open doors and was without 
smoke control. During th is test. significant levels of smoke 
flowed through the 1/2·in. gap into the stairwell, and from the 
stairwell through the open seventh floor door onto that floor. 
The other floors had lower levels of smoke. Even with the same 
open door conditions, pressurization by the smoke control sys
tem (tests 7 and 9) prevented such smoke movement to the 
stairwell and upper floors. 

Fan temperatures. Concern is frequently expressed about 
problems of fan reliability at elevated operating temperatures. 
However. analysis of the Plaza Hotel experiments showed that 
this should not be the major concern about fan temperature. 
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7th Floor 
~--------lSTAIRWEU 

6th Floor 

5th Floor 

4th Floor 

Supply 2000 c1m 
3rd Floor 

Exhaust 2000 c1m 

2nd Floor 

Supply 2000 c1m 

Ground Floor 

Basement 

Supply 
9000 c1m 

Open 
Exterior Door 

Ground Level 

Figure 3. Schematic of the smoke control system. 

The volumetric flow through the exhaust fan is nearly con
stant, and the mass flow through the exhaust fan decreased as 
the temperature of the exhau!>t gases increased. Because the 
mass flow of the fan causes the pressure difference at the fi re 
floor boundary, reduction in fan mass flow results in reduction in 
smoke control system pressurization. 

The pressure difference across the boundary of the smoke 
control zone is proportional to the square of the mass flow rate 
through the fan. Because of the buoyancy or fire gases, this 
pressure difference varies with elevation above the floor. The full 
analysis (Klote 1990) explains to what extent such a reduction in 
mass flow rate affects the pressure differences produced by the 
smoke control system. 

The reduction in mass flow rate through the fan can be ex
pressed in terms of pressure difference as: 

where, 

c/> = allowable fraction reduction in mass flow rate 
through the fan 

~p min = minimum allowable average pressure difference 
across the boundary of the smoke zone, in. w.g. 

~P, = pressure difference across the boundary of the 
smoke zone for normal conditions, in. w.g. 

If the minimum average pressure difference is 0.10 in. 
w.g., and the pressure difference across the boundary of the 
smoke zone for normal conditions is 0.16 in. w.g. , then the al· 
lowable mass fraction reduction in mass flow through the fan 
is 21 percent. 

The maximum allowable fan temperature can be calcu· 
lated as: 

where, 

Tran = (T, + 460) - 460 
(1 - c/>) 

Tran = maximum allowable temperature of the fan, °F 
T, = temperature of the fan for normal conditions, °F 

For example, if a reduction of 21 percent in the mass flow 
rate is acceptable and T, is 70°F, the maximum allowable fan 
temperature is 211°F. 

Smoke bomb tests 

These experiments supported the bellef that smoke bombs 
should not generally be bJSed for acceptance testing of smoke 
control systems. Smoke produced by smoke bombs is very 
different from the hot smoke produced by flaming fires. 

The real smoke obscured light much more than the chemi· 
cal smoke, and it would obscure vision much more as well. The 
chemical smoke was at room temperature, so it did not result in 
buoyancy pressures like those or hot smoke from a flaming fire. 

Smoke bombs generate most of their chemical smoke dur
ing the rirst few minutes after ignition, but real fires generate 
more and more smoke as the fire develops. A few minutes after 
the bombs burned out, the smoke control system purged the 
chemical smoke from the fire floor. 

People who do not have an understanding of fire science 
could easily believe that a smoke control system would result in 
similar performance for a large flaming fire. The results of the 
unsprinklered fire tests indicate that this is not so. 

Even with smoke control, '.he levels of smoke on the fire 
floor were significant for the unsprinklered fires. Smoke bombs 
should not be used for acceptance tests that are intended to 
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simulate system performance under unsprinklered fire con
ditions. 

summary 

This article qualitatively describes some of the results of the 
P!aza Hotel fire experiments that are relevant to smoke control 
design and testing. Further information about these experi
ments are provided by Klote (1990). 

For the fires of this experimental series, the zoned smoke 
control system effectively maintained positive pressurization 
and restricted smoke to the fire floor. High temperature exhaust 
fan gases can result in a significant loss of system pressuriza
tion. The equations presented in this article can be used to 
ev::iluate this effect. 

Smoke bombs should not be used for acceptance tests 
3re intended to simulate system performance under un

SiJi :nklered fire conditions. Chemical smoke from smoke 
bombs is very different from smoke due to a flaming fire, so 
persons observing a smoke bomb test can develop a false 
sense of security. 
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CONTINUES. 
Introduced over 50 years 
ago, A.O. Smith's 
Burkay\S copper coil 
water heaters and 
boilers continue to set 
the industry standard 
for performance and 
dependability. 

It's not uncommon 
for these units to stay on 
the job for 25 or 35 years. 
At a restaurant in San 
Francisco, a 1939 model 
was used for nearly 47 
years with only one 
shutdown-to replace 
the gas valve. 

Along with a ther
mal efficiency of over 
80%, today's Burkay HW 
models are available 
with Dia-Scan!'" an 
advanced self-diagnostic 
system. 

Dia-Scan qreatly 
simplifies servicing and 
maintenance by instantly 
providing the status of a 
wide range of 
operating functions 
on a display panel. 

For more about 
the many advantages 
you get with Burkay 
water heaters, write 
today. 

NOW, WITH A 
SELF-DIAGNOSTIC 

DISPLAY. 

The Burkay's li11hted LED Dia-Scan 
display instantly shows the operatin11 status 

of many important functions. 
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