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FOREWORD

This paper is excerpted from the report "Detector
Sensitivity and Siting Requirements for Dwellings," R. W.
Bukowski, et al., Report No. NBS-GCR-75-51 available from
National Technical Information Services, Springfield, Va.
22151, order number PB 247483 ($10.00 per copy).

Only the key points relating to detector response,
effectiveness, location, and sensitivity have been included
herein. The full report contains all of the raw data, obser-
vations, and data analysis for these tests.
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FIELD INVESTIGATION OF RESIDENTIAL SMOKE DETECTORS

Richard Ww. Bukowski1

Abstract

A test program was undertaken to evaluate the
effect of sensitivity and placement of residential
smoke detectors on their response to fires in homes.
The tests were conducted in two homes scheduled for
demolition and used actual furnishings in typical
configurations. In addition to the detector
response times, the homes were highly instrumented
with data on smoke, temperature, and gas concentra-
tion measured for all tests.

The tests showed that smoke detectors can be
highly effective in providing adequate warning of a
fire before conditions in the home become dangerous.

Key words: Detector sensitivity; detector siting;
escape time; fire tests; heat detectors; residential
fires; smoke detectors.

1. INTRODUCTION

At the present time, standards for fire detector loca-
tion in dwellings, as well as standards for fire detector
sensitivity, are based mostly on laboratory data and engine-
ering judgement without the benefit of extensive full~scale
data to provide guidance. For example, as new methods of
fire detection have developed, laboratory evaluations have
been modified in attempts to provide realistic exposure
environments; however, this has led to a multiplicity of
evaluation techniques. These are only loosely interrelated,
making comparative judgements difficult between detectors
simulated by different characteristics of fire. As more and
more jurisdictions make dwelling fire detection mandatory,
it becomes increasingly important to develop experimental
data to back'up and improve existing standards.

The primary purpose of this study was to investigate
detector siting and sensitivity as they relate to escape po-
tential in residential fire situations. Although a number
of actual detectors were used in the investigation, it was

1

Mr. Bukowski is presently a Research Engineer in the Program
for Fire Detection and Control Systems in the Center for
Fire Research at the National Bureau of Standards.
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not the intent of this project to judge the merits of the
individual detectors used. The detectors were selected to
provide a cross section of the several detection principles
now available and to represent the current level of techno-
logy available in residential type detectors.

2. EXPERIMENTAL PROCEDURE
2.1. Description of Test Buildings

Two test buildings were used for the program. These
homes, made available by the U.S. Department of the Interior
(National Park Service), were scheduled for demolition as
part of a land clearance program associated with the esta-
blishment and expansion of the Indiana Dunes National
Lakeshore.

The primary test site (referred to as the J.R. Whitehouse
residence) was a two-story brick structure with basement.
(For room layouts see figures 1 through 3). Interior walls
on the first and second stories were plaster on wood lath.
The floors were wood. The basement walls were wood paneled.
The building had a gas forced-air heating system, to which a
central air conditioning unit was fitted for the summer test
conditions. Registers were located in every room with returns
in all first floor rooms except the bathroom. There were no
returns on the second floor.

The second test site (referred to as the Lakeshore resi-
dence) was selected primarily because it employed a hot-water
baseboard heating system (fig. 4). This building was a single
story brick residence with basement. All walls were wood
paneled. The first story had wood floors.

The buildings selected represent major variations in
geometry. Since the prime vehicles for moving smoke through-
out a residence are the fire itself and the HVAC system, the
heating systems in these two buildings should be representa-
tive of most types of heating systems, with the possible
exception of radiant heat and individual space heaters.

2.2. Research

It was the plan of the research program to conduct a
series of experiments in the primary test site over several
seasons, so that the full range of outdoor conditions which
significantly affect indoor conditions, e.g. heating, cooling,
etc., would be encountered. The secondary test site was
utilized only during the winter season since this would pro-

2
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vide the maximum "stack effect" and since central air condi-
tioning of a dwelling with hot water baseboard heat is not
readily achieved.

Detector location (figs. 5-7) were selected in accord-
ance with the four levels of protection defined in the 1974
edition of NFPA/74. Two detectors of each type with two
different sensitivities were installed at each required
detector location. At one of the detector locations the-
effect of wall versus ceiling mounting was investigated by
installing some detectors on the ceiling and some on the"-
wall for several experiments and then reversing the mounting.

Instrumentation for the experiments included light
beams (figs. 8-10) for measuring smoke obscuration on the
ceiling in the room in which the fire was being burned, on
the ceiling at each detector location, and at the 5-ft (l1.5-m)
level along the primary escape path and in representative
bedrooms. For this report the primary escape path refers to
the normal route used by the occupants in exiting the build-
ing from the bedrooms.

Individual thermocouples and vertical thermocouple
arrays (figs. 11-13) were installed in the burn-room and the
primary escape path and several representative locations
throughout the dwelling. Equipment to monitor carbon monoxide
carbon dioxide, and oxygen levels was installed in the burn-
room, escape path and representative bedrooms (figs. 13-16).

Both smoldering and flaming ignition fires were initi-
ated in various rooms of the dwellings using upholstered
furniture and mattresses typifying the respective rooms
(figs. 17-19). The rooms selected were those which showed
the highest perc%ntage of fatal residential fire starts in
NFPA records [1]

2.3. Detectors

The detectors selected for use in these experiments
were typical ionization, photoelectric, dual gate (combina-
tion ionization and resistance bridge) and rate-of-rise of
heat detectors. One high sensitivity (1 percent per foot
obscuration nominal) and one low sensitivity (2 percent per
foot obscuration nominal) detector was used at each detector
location. This was done to provide data on the response of
various types of detectors to realistic fire conditions, as

2Numbers in brackets refer to the references listed at the
end of this paper.



well as to determine the differences in response time and
escape time potential for two different levels of sensitivity
of the same detector and type. The detectors selected were
coﬁs;dered to be representative of the best detectors of
their individual type at the time of selection. All detec-
tors were connected to a 25 clock elapsed time indicator
panel which indicated detection time to the nearest second
after fire ignition.

The sensitivity of each detector employed in the test
series was initially determined by Underwriters' Laboratories
(UL) in accordance with the sensitivity test requirements of
their applicable standards. The sensitivity of every detec-
tor was checked using the same methods after each series of
experiments to insure that the detectors had not shifted in
sensitivity.

The actual sensitivities of the detectors used are
given in table 1. Some units vary from the nominal 1 and 2
percent values requested due to variations in the different
manufacturer's calibration techniques.

3. RESULTS

In total, 40 experiments were conducted in this program.
Twenty-seven experiments at the primary test site, and 13 at
the secondary site. Of these experiments, 60% were smoldering
ignitions, 32.5% flaming ignitions and 7.5% other miscellane-
ous tests. This ratio of smoldering to flaming ignitions
was selected to correlate approximately with NFPA data on
residential fires [1].

The ignition source for all smoldering ignitions was a
500-watt charcoal igniter with approximately 20 inches
(0.508 m) of exposed cal-rod. The charcoal igniter was
placed in contact with the item to be burned and energized
from 120 Volts AC at time zero. The igniter was held in
firm contact with the material for 120 seconds before removal.
This generally resulted in a self-sustaining smoldering of
thet 4tem. The U-shaped original charred area generally
filled in completely within the first five minutes forming a
circular charred area which grew radially outward at varying
rates depending on the surface material. In most cases
transition to flaming occurred not sooner than one hour
after ignition and, in some cases, transition to flaming
never occurred prior to test termination.

Flaming ignitions were achieved by positioning a small
metal waste basket filled with loosely crumpled paper adja-
cent to the piece being ignited. A piece of folded newspaper
was draped over the arm of a chair or a sheet placed on a

4
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Table 1. Detector Identification
Preset Sensitivity
Manufacturer (8/£ft) Clock
Code Type Theoretical Measured| Number
A Photo 1 1.19 1
B Dual Gate 2 3.89 2
F ION 2 2.81 3
E Photo 1 0.96 4
B ION 2 2.02 5
E Photo 2 1.98 6
F ION 1 1.61 7
A Photo 2 1.4 9
E Photo 2 1.81 10
A Photo 1 1.27 11
F ION 1 1.34 12
F ION 2 3.04 13
B Dual Gate 2 2.19 14
ROR ROR 15F/min 15F/min 15
H ION 1 1.91 16
H ION 2 2.04 17
H ION 1 1.81 18
H ION 2 2.04 19
ROR ROR 15F/min 15F/min 20
ROR ROR 15F/min - 15F/min 22
A Photo 2 2.09 24
E Photo 1 0.96 25




mattress so that it hung down over the wastebasket. The con-
tents of the wastebasket were ignited with a match at time
zero.

The results for a typical flaming ignition experiment
are shown in table 2. This was a flaming ignition of a chair
in the living room of the primary test site. The test was
conducted during the winter with the heating system on.

The important points to note in this table are the order
in which the detectors responded by type and the escape time
(or time between detector alarm and untenable conditions in
the primary escape path) provided by each. Note that the
ionization detectors responded first followed by the photo-
electrics. The minimum escape time provided by the slowest
detector in this test was 344 seconds (5.73 minutes). The
maximum escape time provided by the first responding detector
was 904 seconds (15 minutes). These results are typical of
the flaming ignitions conducted during the winter.

Table 3 shows the results of a typical smoldering igni-
tion from the same series. This was again conducted during
the winter in the primary test site but with the heating
system off. In the case of the smoldering fires the photo-
electric detectors are generally grouped first and the ioni-
zation detectors coming in later; however the ionization
detector from manufacturer F responded within the photoelec-
tric grouping. This general faster response of the photo-
electric detectors was typical of the smoldering ignition
tests conducted. 1In this case note that the minimum escape
time provided by any smoke detector was 143 seconds (2.38
minutes) from the dual gate detector on the second floor.
This detector generally responded poorly to smoldering fires
primarily due to its sensitivity of 3.89%/ft (0.086 OD/m),
nearly the maximum sensitivity allowed by U.L. for detectors.
Discounting this sample as being non-representative of normal
production due to its poor sensitivity setting the minimum
escape time then becomes 322 seconds (5.36 minutes). It is
also interesting to note that the escape time provided by the
first detector responding was approximately 1974 seconds
(33 minutes). In comparing the escape times provided by all
detectors at'a particular location it appears that the varia-
tions are more a function of sensitivity and detector design
than detection mode.

All data taken is recorded in the source report, includ-
ing curves showing the time histories of all of the various
measured quantities throughout the buildings. These include
temperature, light obscuration, and concentrations of carbon
dioxide and carbon monoxide in the fire room, bedrooms, and

6
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Table 2. Test No. Jr-16

Escape
Clock No. Type Sensitivity Alarm Time
(3/£t) (s) (s)
First Floor Detectors (Ceiling)
12 I 1.34 158 904
19 I 2.04 339 723
13 I 3.04 357 705
18 I 1.81 372 690
14 DG 2.19 384 678
11 2 1.27 389 673
10 P 1.81 438 624
25 P 0.96 443 619
9 P 1.40 540 522
15 ROR 15F/min NO _—
Second Floor Detectors (Wall)
7 I 1.61 229 833
5 I 2.02 382 680
16 I 1.91 439 623
24 P 2.09 526 536
6 P 1.98 718 344
20 ROR 15F/min NO —
Second Floor Detectors (Ceiling)
17 I 2.04 319 743
3 I 2.81 362 700
2 DG 3.89 488 574
4 P 0.96 556 506
1 P 1.19 658 404
Heat Detector in Fire Room
22 ROR 15F/min 1502 ~-440
TC FT 150F 1370 -308
TC FT 150F 1510 -448
Data
Test No.: Jr-16 Fire Type: F (Chair) Season: Winter
Tenability Limits Exceeded: 1060 s AC/Heat: On
Flame at: 0 s Test Terminated at: 1546 s
Fire Location: Living Room
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Table 3. Test No. Jr-18

Escape
Clock No. Type Sensitivity Alarm Time
(8/£t) (s) (s)
First Floor Detectors (Ceiling)
25 P 0.96 1296 1974
10 P 1.81 1468 1802
12 I 1.34 1475 1795
11 P 1.27 1666 1604
9 P 1.40 1907 1363
14 DG 2.19 1918 1352
13 I 3.04 1965 1305
18 I 1.81 2076 1194
19 I 2.04 2222 1048
15 ROR 15F/min NO —_—
Second Floor Detectors (Wall)
4 P 0.96 1722 1548
17 I 2.04 2157 1113
1 P 1.19 2659 611
3 I 2.81 2703 567
2 DG 3.89 3127 143
Second Floor Detectors (Ceiling)
7 I 1.61 1910 1360
24 P 2.09 2001 1269
6 P 1.98 2504 766
5 I 2.02 2863 407
16 I 1.91 2948 322
20 ROR 15F/min NO _—
Heat Detector in Fire Room
22 ROR 15F/min NO —_—
TC FT 135F NO¥* —
TC FT 150F NO* —_—
*Ceiling Temp Never Exceeded 90°F
Data
Test No.: JR-18 Fire Type: S (Mattress) Season: Winter
Tenability Limits Exceeded: 3270 s AC/Heat: Off

Flame at:

None s Test Terminated at: 3720 s

Fire Location: 1lst Floor Bedroom
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positions along the escape route. It is our hope that much
more information can be derived from this data than we have
had the opportunity to discuss here.

4. DISCUSSION OF RESULTS

In general, all smoke detectors responded well to all
fires. The photoelectric type detectors seem to respond
better to the smoldering type fires and the ionization detec- -
tors seem to respond better to the flaming fires. Both types
however, provided adequate escape time for all fires.

There appeared to be no significant difference observed
in the response of detectors mounted on the ceiling or on the
wall. Response time and escape time potential was somewhat
better for the higher sensitivity units as would be expected.

After a literature search, tenability limits were selected
above which the normal escape path would be considered un-
passable. These limits were 0.07 OD/ft (0.92 OD/m) at the
150 °F or 400 ppm CO anywhere in the path. (For a discussion
of the selection of limits of tenability see Appendix A of
this paper.) From these limits the time of untenability was
determined for each test and performance curves were developed
for both theoretical and actual detectors. The theoretical
detector results are based on light beam measurements taken
at detector locations and assume the detector can sense the
condition with no time lag. Actual detector response was
ahead of the theoretical times for some fires, probably due
to individual detector characteristics.

The performance curves (figs. 20-25) indicate the fre-
quency of success (ordinate) that a given detector and loca-
tion would provide for any required escape time (abscissa).

The success frequency for a given escape time is the percentage
of the total number of experiments conducted in which that
escape time or greater was obtained. Required escape time

may vary considerably depending on size and configuration of
the structure, and the age and physical condition of occupants.
Times in the range of 120 to 300 seconds seem reasonable.

The curves are separated into response by 1% or 2% detectors

to smoldering or flaming fires3 in one test building. Some
curves show the differing effects of winter and summer condi-
tions where important.

The theoretical smoke detector performance is shown in
figure 20 for two escape criteria, 0.03 and 0.07 OD/ft (0.009
and 0.02 OD/m). The choice of these escape criteria has a

3

For example S, 2% refers to 2% detectors and smoldering igni-
tions and F; 1% refers to 1% detectors and flaming ignitions.
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small effect on the theoretical results. The curves show
that both the theoretical and actual detectors provide inade-
quate protection (mostly negative escape times) when fires
and detectors are on different floors.

In the primary test site, the escape times obtained
from detectors installed on the second floor responding to
first floor fires seem somewhat marginal (as shown in fig. 22).
According to NFPA/74 level four requirements for installing
the detectors, there would be no detector on the first floor
if there were no first floor bedrooms. The results of the
experiments seem to indicate that this situation would result
in marginal performance under many first floor fire conditions.

It should be noted that poor performance of 2nd floor
detectors with 1lst floor fires was accentuated in the summer,
particularly for smoldering ignitions. This is shown by com-
paring figures 21 and 22. Since all summer experiments were
conducted with the HVAC system operating, summer experiments
with no forced circulation may emphasize the effect further.
These conditions are being studied in phase 2 of this project,
currently under way.

The lakeshore test building with a 30-ft (9.15-m) central
hallway had a bedroom configuration which would require a
smoke detector near one end of the hallway. An additional
detector located at the other end of the hallway significantly
increased escape time potential. This is shown in figure 23
where A and B are detector locations at either end of the hall.

The response of the heat detectors employed was consider-
ably different from the response of the smoke detectors.
Rate-of-rise thermal detectors with a 50-ft (15.24 m) space
rating were installed on each detector board. 1In addition,
in experiments 13 through 40 a similar rate-of-rise detector
was included in the room of fire origin for each experiment.
The results of the experiments indicate that these heat de-
tectors, including the one in the room of fire origin, failed
to respond to a majority of the fires. When they did respond
they were considerably slower than the smoke detectors and
provided little or no escape time prior to occurrence of
dangerous conditions in the primary escape path.

Thermocouple readings at the ceiling in the room of fire
origin were used to evaluate the escape potential provided
by a 135 °F (57 °C) fixed-temperature heat detector assuming
no thermal lag. These results indicate that no thermal lag
fixed-temperature heat detectors in every room would have
little life saving potential in the residential fire situations
simulated here. The curves for the heat detectors are given
in figures 24 and 25.

10
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5. CONCLUSIONS

The following conclusions were drawn from these experi-
ments:

1. A residential smoke detector with small lag time, of
either the ionization or photoelectric type, would provide
more than adequate life saving potential under most residen-
tial fire conditions, when properly installed. Even in the
case of rapidly building flaming ignition fires the detectors
would provide adequate warning before dangerous conditions
were reached in the primary escape path.

2. While detectors set at nominal 2 percent-per-foot
obscuration generally provided adequate warning, those
detectors whose sensitivities were near 1 percent-per-foot
(actual) provided a significant increase in escape time for
smoldering fires. The effect was much smaller for flaming
fires.

3. In these tests, fixed temperature 135 °F (57 °C)
or rate-of-rise heat detectors in the room of fire origin
provided little life saving potential. These detectors
failed to respond to a majority of the fires and when they
did respond they were considerably slower than smoke detectors
located remote from the fire.

4. During forced air heating there appears to be very
little difference in smoke levels obtained in the bedroom with
the bedroom doors open or closed. Under central air condition-
ing, however, somewhat reduced smoke levels were obtained in
the bedrooms with the doors closed.

Experiments conducted with fires in closed bedrooms
resulted in lethal conditions in the bedroom before response
of detectors outside the bedroom. Thus, the person in the
room of fire origin would not be warned in time unless the
detectors were in the bedroom or the door was open. Since
there was no increased hazard to the occupants from fires
originating outside the bedroom when the bedroom doors were
open and the open doors would greatly increase the chances
of saving the occupant when the fire starts in the bedroom,
it may be best to sleep with bedroom doors open when detectors
are present in the home.

5. Response time of detectors on the second floor for
first floor fires were considered inadequate. Thus, it would
appear that NFPA/74 should be revised to require at least one
detector on each level of a residence, especially when cen-
trally air-conditioned.

11
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6. Installation of one smoke detector at each end of
a long central hall would significantly increase the escape
time potential in comparison with one detector at one end
of the hall.

7. Under expected residential fire conditions it
appears that there is no difference in life saving potential
between ionization and photoelectric detectors. Although
some response difference is noticed depending on the type of
combustion, (flaming or smoldering) the differences are
minimal when compared on an escape time and life saving
potential basis.

8. Smoke conditions produced by the fires indicate
that there should be no significant difference in detection
times for ceiling mounting or wall mounting within 12 inches
(30 cm) of the ceiling. However, individual detectors with
highly directional properties may function quite differently
in these two positions.

12

T T i RS DR RTR NI SR e R SR T T e A T Wl b MO e o

[ TR 1T TR R




Basement
Area

(Y)

Furnace
Room

(2)

Basement
Area

]
1

Basement
Area

(x)

Patio/
Garage

()

/
4

Approx. Scale:
1/8" = 1'-0

Figure 1. Room Identification:
Plan — J.R. Whitehouse Residence

13

Basement Floor



—----------1

3 /. Bedroom
-r— ‘ {4)
Dining
(D)

]
e —— h ¢ " " M
' Kitchen ____]. b’—@f

I
(X) . Uj

o -

[—]
N

Hall (C)

Living Room

Bedroom Approx. Scale:
(B) 1/8" = 1'-0

Figure 2. Room Identification: 1st Floor Plan — }
J.R. Whitehouse Residence - @
9
14
TR . | b Al . NI PR TR S pet e S R SR R R TR TR e L4 [ IR L T R . b I«



N

]

"
]

i

I

)

I

i

!

Bedroom !

(E) :

Roof Patio :

\\\- i

t

Hall 1

re———e- &) !
e o :

4

.................. ~ Bedroom

(F)
Approx. Scale:
1/8" = 1'-0

Figure 3. Room Identification: 2nd Floor Plan -
J.R. Whitehouse Residence '

15



dj
iz. Dining 7] Bedroom
Living (A)
R -
& oon (B) Hall it I
Upper Level -3
' Garage
Study
L"’EE Patio N
— ’ N < LNEEN \
g
8
4 &
- Approx Scale:
Lower Level = 1/16" = 1'-0
1“ -
Family =
Room E
(1’ =
Ceili
€ ng) ‘  Bath,
— 11ARN SIS,
&-g
I ]
o g |
1
T —f-—--5 ¢
11' gy’ = ¥
I | =
Elevation

Figure 4.

Room Identification:

Lakeshore Residence
16

BRI i | A Wil

Y E PR ST R 1 T AU

Floor Plan —

1 ollifis s M T4 ol '

| oveidh ol i e

il sl A



KEY
MM\ Ceiling Mounted

7774 Wall Mounted, 9 In. Below Ceiling

— ----------ﬁ

d
@ |
(emm] R4

I
A G O AP P W G D W S ES GG G Ep P S &P W

Approx. Scale:
1/8" = 1'-0

Figure 5. Detector Locations: 1lst Floor Plan —
J.R. Whitehouse Residence

17



KEY
Ceiling Mounted
Wall Mounted, 9 In Below Ceiling

M,

)
]
1 * ’JTTFrﬁj e eea--
| ‘\ll
{]
Approx. Scale:

1/8" = 1'-0

]

b oo o o e s v e e e e o om wme e e o

Figure 6. Detector Locations: 2nd Floor Plan — ‘ .
J.R. Whitehouse Residence

18

LB b IR B b Fole e b W s

RN I T T Y PR TR Sy gt M R TR



l—-=— — S B

(it 1

Upper Level

=]
-
E%%i{""‘ ()
T

Garage

L
\SBRASAESN SN N

Q Patio M
"="P;‘J ' \\\\\\\\\\'\\\\LV

]
o
o
>

| ol oy Approx Scale:

Lower Level = 1/16" = 1'-0
T
>

KEY

BN¥ Ceiling Mounted

223 Wall Mounted,
9 In. Below Ceiling

fo If-j'
* {

— ’
T —F-—-- 5"
11" gy’ E§ ¥
{ i ==

Elevation

Figure 7. Detector Locations: Floor Plan —
Lakeshore Residence

19



KEY

Ceiling Mounted

exx=x3 Wall Mounted, 5 ft High

B T

? Winter :

f—- l T Only :
| :

.---_- . ' ‘\\- :
| - J :
T & ;

' g % E

#.----------.J

Approx. Scale:
1/8" = 1'-0

Figure 8. Fixed Light Beam Locations (Smoke):

1st Floor Plan — J.R. Whitehouse
Residence

20

[N PR NI SR [N N A U

- Lo Db MR

| bl - o B A




KEY

Ceiling Mounted

<>y Wall Mounted, 5 ft High

\ """"""" b
!
| :
<: 1
1
|
'l
i
!
i
N \
1
]
| .
=== t
1 !
l ] o T fu ]
| \} P e, e
N
Wincer
.................. - Experiments
Only
! Approx. Scale:
! 1/8" = 1'-0
|

Figure 9. Fixed Light Beam Locations (Smoke):
2nd Floor Plan — J.R. Whitehouse
Residence

21



Ykl

I T )
Upper Level 1
Garage

| > Approx Scale:
Lower Level I == 3 1/16" = 1'-0
b
= KEY
:=__}_ — Ceiling Mounted
4 Bath Wall Mounted at 5 ft
e e ’

Note - Top Bsmt Stairs: only

only tests 28-36

| T—"""""’: g'

11' gk! — {

it 1 =
Elevation

Figure 10. Location of Light Beams for Smoke Measurements
(Except for Ignition Room): Floor Plan —
Lakeshore Residence
22

Coh i o | TR ) T | [URORY PR PEN RTR B I A Y i \WWWM\WMWWMW“\‘W¢ Al ikl

tests 34-40, Bsmt Ceiling:




KEY
Thermocouple Profile

Thermocouples 5 ft High

» b + X

Ceiling Thermocouple (13 ft High)

~N

Yoy

Thermocouple 4 in Above Hot Air Register

----------’

¢.----------.:

Approx. Scale:
1/8" = 1'<0

Figure 11. Fixed Temperature Measurements:
lst Floor Plan — J.R. Whitehouse

Residence
23



KEY
X Thermocouple Profile

4= Thermocouples 5 ft High

t+ /1

— WP W AP e A WD ) WD W@ @ S @ @ e n B S Y

Approx. Scale:
1/8" = 1'-0

Figure 12. Fixed Temperature Measurements:
2nd Floor Plan — J.R. Whitehouse

Residence ‘

24

T . ' S | TN T i T EINETRRTRP SRRl F | PR SURTE BT T R il b SRR AT 4R #l (R  T o il




Upper Level

Patio

: g
‘ 2
=
| ; Approx Scale:
= 1/16" = 1'-0
]
KEY
F\ .
e Bath Thermocouples 5 ft high

Thermocouple Profile

Gas Sampling Location

Thermocouple 4 in. Above
Baseboard Heater

5 o

10'
t

> o X+

|

-2

1l
-

~ =

Elevation

Figure 13. Fixed Temperature Measurements and
Gas Sampling Locations: Floor Plan —
Lakeshore Residence

25



KEY

® Summer Experiments

© Winter Experiments

1
]
le___.._i._{

Approx. Scale:

1/8" = 1'-0

Figure 14. Gas Sampling Locations: Basement
Floor Plan — J.R. Whitehouse
Residence

26

I Al RO PN ITRATE SRRt N O U N TS ol Dl = oot i ik
CE ) i ' o i e ihisin .

[N A T




KEY

® Summer Experiments

© Winter Experiments

e

=
=

-

ﬁ----------’

'
!
!
!
!
!
!
!
!
'
!
)
'
'
!
[
!
!
)

I
T =
0 ®
© //
Approx. Scale:
® 1/8" = 1'-0
D
P e

Figure 15. Gas Sampling Locations: 1lst Floor

Plan — J.R. Whitehouse Residence

27



KEY : !
® Summer Experiments '

© Winter Experiments

----------- 1

N !

|

J !

t

|

i

[ .

@ :

i

AN :

Q !

e [ :

T ]

! ¢

| d T o .. 1
I

U .................. 4
v ® Approx. Scale:

: 1/8" = 1'-0

!

Figure 16. Gas Sampling Locations: 2nd Floor
Plan — J.R. Whitehouse Residence

28

L b WA [ I A R

A e WG o Tl o R R TR R TR T U N A A A ]




Upper Level I

A

A4 .
Garage
Patio _f\

nl
1

Lower Level = —XX

Ueilicy Room

. Approx Scale: . -
1/16" = 1'-0

KEY A_ .
— Ceiling Light Beam (Smoke)

X Thermocouple Profile
QO Gas Sampling Location
g} Fire Location '

[

10'

i }

T —F—-5F ¢

ll' 8&' E *
| —

Elevation

Figure 17. Fire Locations and Portable Ignition
Room Instrumentation: Floor Plan —
Lakeshore Residence

29



KEY

cmemm Ceiling Light Beam (Smoke)

=S Light Beam (and Temp. Profile)
at wall, 8 £t High

X Thermocouple Profile

g;s Fire Location

2 7
| /h j 5,..-.-.---...5

o| & | dngeen segie:

Figure 18. Fire Locations and Portable Ignition
Room Instrumentation: 1st Floor Plan
— J.R. Whitehouse Residence '

30

[RHRTE ! 1 o ' Bore e bl bl | TR PR TE A SRRl ) RO U R Y T T AT R A AR

[ T A T




KEY

Ceiling Light Beam (Smoke)
X ' Thermocouple Profile

% Fire Location

Approx. Scale:

g:? ' 1/8" = 1'-0

Figure 19. Fire Locations and Portable Ignition
Room Instrumentation: Basement Floor
Plan — J.R. Whitehouse Residence

31



e “\LWMH A Il g s b g ]

(4%

Lead Time, minutes
10 T

u ‘ S, 0% ‘\\\\
-

e \r 1% & 2%
g 60 §\
g_ \ \\\\\
1 | b.lZ\\
: v\
g 40 .\\ \
a N
N\
20 N
\
- \\\

11 | I | Ll 1. 1.1 | |

0
-300 0 600 1200
Lead Time, seconds
Escape Criteria: OD/fc=0.0)

Success Frequency, %

Lead Time, wminutes

1075 0 10 20
\ S. 1%
B \ N\\;;;\4\\
L)
8
\
i \ N
\\F, 12
A\
6 N
A\
R F.2% ’h\
4 \Q\
A\N
- AN
\N\
A\
2 Ay
A\N
- | it 11 I N T | 1.4

-300 0 600 1200
Lead Time, seconds
Escape Criteria: OB/Ev=0.07

Figure 20. Theoretical Ability to Sense lst Floor Fires: Detectors

on 1lst and 2nd Floor.

(J.R. Whitehouse Residence)




€€

Lead Time, minutes Lead Time, minutes
-5 0 10 20 ~5

100, \ T 10
\ h;:%\ \
= -
\ \\\ \
80} Lv‘ 8 i
N \
N \
e [ \ e L INkax
8 60 \ 3 6 L,
[{] <} N\
3 ' -] ]\ \ ' \.
8 i \ e |t N
S F \ F.1% u N\
Is. [T p'27. N
w \ “ \
a 40 A s 4 ‘\
o g \
9 | -] \\
w - . W b~ .\
N NN
20 - \\ 2 A“\\
N
N N\
- N =
Olelllll O | [ | U O T WO IO NN WO N U NS O O [
-300 0 600 1200 ~300 0 600 1200
l.ead Time, seconds . j :Lead Time, seconds
Detectors 2nd, lst and Top Bsmt. Stairs Detectbrs 2nd and lst Storvies
Fires on lst and in Bsmt. ‘Fires on lst Story

Figure 21. Ability of Detector "E" to Sense Fires (J.B. Whitehouse Residence)



Lead Time, minutes Lead Time, minutes

-5 0 10 20 -5 0 10 20
10 v T 10 IRV .
y .
\ 'l
- I~ '
“ \ _Awioter lr |
S |
L SOJ’ i \ 8 ‘
I \F
Winter 9
- »
; . | \ ve l:- ‘(
- \ - {
= > S ‘I—‘ o Lo
: g 60 | t g6 i
2 » \ H [ S
. & | & v\
: 3T \ S |
i N \ bl X \
- re % 40 AN " e\
¥ \
§ \\ ll § \\‘\ T
: 3 - \ 3‘ ~ S y‘\
z \ \
R 20 r— 2
z Suimmer
é ol 1211 it 11t Lt O U T O O O N A i1
£ -300 o 600 1200 -300 o0 600 1200
Lead Time, seconds _ Lead Time, seconds
E Sensicivity: 12/ft Sensitivity: 2%/ft

z Figure 22. Ability of Detector "E" on 2nd Story to Sense Fires on 1lst
Story. (J.B. Whitehouse Residence)




1
Success Frequency, %

Lead Time, minutes Lead Time, minutes

-5 0 10 20 1of5 0 10 20
100
\‘\ 1 V\ I ¥
\?'\\\ \\
|- A -
M AN Ath \\
\\ ~ \
so} RN ~ 8 \\
~ \ PNy
= “1- \ B S, 22 TRNN$. 12
\\\ " \\
- ~
bl N ™~
60 *ﬁ g6 y
ﬁ}‘ H '
' & B |
» .
PN u !
40 1 ) o8 i
Dl ] h - -
o
]
= n L
20 M- ’
ol [ S S T A o A 11 | 1 1.3 18 i
-300 0 600 1200 -300 1] 600 1200
Lead Time, seconds Lead Time, seconds
Effect of location, S$,27% Effect of Sensitivity at Location 8"

Figure 23. Ability of Detector "E" to Sense 1lst Story Fires.
(Lakeshore Residence)



-5 0 10 20 -5 20
100 ¥ T 10 1 T
r—- -
80} 8
= ~
= o F \\\ " -
- \ -
- > \ FAPR N
g 60 \ g €0
3 \ ] \
o 1 & \
¥ b~ N a - \
B P \ ™ \
z AN F
L ~ b o A
w o 40 N 0 4 \
. N o \ b AY
7] \ IS g '«
; g L .~ il
: 20 =~ 2
b~
B B
F) S N T T O B A A U8 WO A W T WY W O N OO O W6 OO AU
-300 0 600 1200 -300 0 600 1200

Lead Time, minutes

Lead Tiwe, seconds

Lead Tiwme, wminutes

Lead Tiwe, seconds

J.R. Whitehouse Residence Lakeshore Residence

Figure 24.

Ability of "Rate-of-Rise" Detector in Room of Ignition
to Sense Fires. (Winter Experiments)




LE

Lead Time, minutes Lead Time, minutes

-5 ()} 10 20 -5 () 10 20
1 T T 1 T T
801\\
<) n
§6q A 86 \
H \ :
=T \r & T
“ \ e N \
84(} ‘ 84 \\-
i L \ 3l .
W \
20 ——] 20
P\\\ \
- S A\J = s
1 1 L. 1 11 & L 1.t I {1 1 b L1l L .1 .4 11 1

0
=300 0 : 600 1200 -300 0 600 1200

Lead Time, seconds Lead Time, seconds

J.R. Whitehouse Residence Lakeshore Residence

Figure 25. Ability of "No~Lag" 135 °F Heat Detector
in Room of Ignition to Sense Fires



APPENDIX A. ESCAPE CRITERIA

In order to judge adequacy of the warning provided by
various detectors used in this study, measurements were made
of temperatures, carbon monoxide concentrations, and light
obscuration at 5 ft above the floor in bedrooms and along
routes of escape to ground level doors. Critical values
adopted as the limits beyond which escape would not be pos-
sible were optical density of 0.07 per ft, temperature of
150 °F, or a time-averaged concentration of CO of 0.04 percent
over a one-hour period. The basis for these choices are given
in the following paragraphs. 1In all of the present experi-
ments, the limiting value of light obscuration was reached
first, and thus the escape times cited are based on this cri-
terion of untenability.

Al. Critical Smoke Level

Presently, there does not appear to be any completely
satisfactory way to specify the tenability limits in terms
of optical properties of smoke. The situation would be com-
plicated enough if only light transmission through smoke were
important, but the effects of respiratory and eye irritation
on behavior and visual accuity are also involved.

Table 1 shows some frequently-cited values of critical
smoke level from the literature. Obviously, a wide range of
smoke densities is represented there. Among references [2-
5}, at least a rough consensus can be found for a critical
optical density of 0.07 per ft over a viewing distance of
about 15 ft, when only light obscuration is involved.

References [6] and [7] cite critical smoke densities
which are said to take account of eye irritation. The optical
density of 0.002 per ft derived from reference [6] is proba-
bly unreasonably low because it represents the onset of appre-
hension rather than the limit of endurance of the observers.
The optical density of 0.07 per ft derived from reference [7]
is said to be based on the results of the Los Angeles School
Burns No. 2 [8]. Nowhere in those results is a critical
value of 20 percent light transmission over a 10 ft path
length to be found. As a matter of fact, reference [8] men-
tions only that 80 percent obscuration is the critical value
for tenability, but identifies neither the location nor the
length of the light path. From the information given in
reference [8] and its predecessor study [9], it is possible
to surmise that the light beam subject to 80 percent obscura-
tion might have been as short as 11 ft or as long as 60 ft.

It appears most probable that the light beam involved a
double traverse of a corridor 10-15 ft wide, or a path length
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of 20-30 ft. The critical optical density for that case would
be 0.023 to 0.035 per ft. On this basis, it appears more
reasonable to assign a critical optical density of about 0.03
per ft to the results of the Los Angeles School Burns,
Rasbash [10] reassessed his earlier work and later work by
Jin [11=13] and concluded that his original correlation [2]
represents a useful worst condition which includes in an
approximate way the effects of eye irritation. From a study
of behavior of people in fires by Wood [14], he also judged
that a minimum visibility for escape from fire is about 30
ft, and that this corresponds to an optical density of 0.08
per meter or 0.025 per ft. Thus, the best estimates now
possible suggest limits of 0.03 to 0.07 per ft for the
critical optical density.

For the dwelling fire situation, escape routes are not
usually long and are familiar to occupants. Thus, it appears
reasonable to adopt a critical smoke level of 0.07 per ft
along escape routes,
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Table Al. Frequently-Cited Critical Smoke Levels

Minimum
Light Viewing Optical
Source Transmission Distance Density Criteria Applied
(%) i (£t) {per ft)
Rasbash [2] 10 10 0.10 (Empirical correlation*
10.5 15 0.065 of visibility of illu-
12.6 20 0.045 minated objects)

Kingman, et 5 2 0.65 Visibility of sign held

al. [15] 4 ft away and illuminated
by hand-held lamp in
smoke-filled room

Shern [6] 80 0.002 Apprehension in observers

without OBA in smoke-
filled room

Shern [6] 60 0.0044 Judgement of observers

with OBA in smoke-filled
room

Gross, et 16 10 0.079 Assumed value
al. [4)

Los Angeles 20 10 0.070 Visibility and eye irri-
Fire Dept. tation of observers in
(71 smoke~-filled corridor

Bono and 10 11.3 0.088 Visibility of illuminated
Breed [4] exit signs photographed

from outside smoke-filled
room

Malhotra [5) 11 14.8 0.064 Visibility of illuminated

signs observed from out-
side smoke-filled room

*Correlation: vV = 1.40/D'767

where:

d is optical density per meter
V is distance of vision in meters
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A2. Critical Carbon Monoxide Concentrations

The toxicology of carbon monoxide is probably better
understood and more fully reported than that of other consti-
tuents of fire gases; nevertheless there are areas of consid-
erable disagreement concerning its effects. This is true
particularly for long-term exposure to low concentrations of
carbon monoxide. Table 1 shows the physiological effects of
carbon monoxide as reported by various sources. A reasonable
one-hour limit of 0.04 percent may be inferred from these
data. ‘

Since all of the data in table 1 are for situations
wherein carbon monoxide concentration db®s not vary with
time, it is reasonable to expect that the minimum concentra-
tion allowable in a fire situtation will be greater than
0.04 percent. This is because the carbon monoxide concentra-
tion will be near zero at the start of the fire, and will
increase with time as fire gases permeate the space. If the
‘carbon monoxide concentration increases linearly with time,
the maximum concentration attained will be twice the average
concentration. :

The treatment due to Minchin [16] suggests that the
‘average carbon monoxide concentration, rather than the maxi-
mum, is the appropriate indicator of physiological response.
Thus, it appears that a logical one-hour limit for a fire
situation in which carbon monoxide increases linearly with
time would be one having a maximum average carbon monoxide
concentration of 0.04 percent.

The data indicate that carbon monoxide concentration
does in fact increase almost linearly with time during the
time periods of interest, and a time-average concentration
of 0.04 percent has been chosen as the critical level. 1In
only 2 of the 40 experiments did cabron monoxide concentra-
tions approach this level before the optical density reached
0.07 per ft. Nevertheless, the occurrence of the critical
optical density preceded the occurrence of critical carbon
monoxide levels in all of the experiments.
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Table A2,

Allowable Carbon Monoxide
Levels from Various Sources

Carbon Monoxide Physiological
Reference (%) Exposure Effect
Bowes and
Field [17] 0.1 1l hr Unstated
Pryor, et al. 0.04 4 hr Lethal
(18] 0.04 2 hr Collapse
0,04 1l hr Headache
0.03 3 hr Collapse
0.03 1.5 hr Headache
0.02 4-5 hr Collapse
0.02 2-3 hr Headache
Yuill [19] 1.5 5 s Lethal
i 0.3 5 min Lethal
i 0.15 30 min Lethal
i 0.045 2 hr Lethal
Gross, et al. 0.005 8 hr None
[(20] (Based - 1.0 2-5 min Lethal
on refs, [21,
22 and 23])
Autian ([24] 0.01 8 hr None
Minchin [16] 0.1 45 min Collapse
0.05 90 min

Collapse
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A3. Critical Temperature

The maximum temperatures to which humans may be exposed
are not well defined, and thus are subject to considerable
controversy. Yuill's [19] data showing a four-hour limit of
130 °F indicates that the appropriate temperature limit for
escape from a dwelling must be somewhat higher. The value
of 150 °F was adopted as the criteria of untenability in
reference [9], and this appears to be the minimum which could
be considered applicable to the present experiments. This
temperature was never exceeded at the five-foot level along
an escape route before untenable smoke occurred. Hence, adop-
tion of any limiting temperature above 150 °F would lead to
identical conclusions in this study.
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