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Background: 
NRC NUREG-1824 

Verification and Validation of Fire Models
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In 2007, the U.S. Nuclear Regulatory Commission (NRC), together 
with the Electric Power Research Institute (EPRI) and the National 
Institute of Standards and Technology (NIST), conducted a 
research project to verify and validate five fire models used for 
nuclear power plant (NPP) applications.
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The results of this effort were documented in a seven-volume 
report, NRC NUREG-1824, Verification and Validation of 
Selected Fire Models for Nuclear Power Plant Applications. 
Data from 26 individual experiments were included.
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In 2014, the 
verification and 
validation study was 
expanded, and the full 
details of the revised 
V&V study are 
summarized in 
NUREG-1824 
Supplement 1.
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NUREG-1824 Supplement 1 includes the validation of empirical 
correlations, zone models, and a CFD model. 

14 output quantities were considered, including: 

• Hot Gas Layer Temperature 

• Ceiling Jet Temperature 

• Target Heat Flux 

• Target Temperature 

• Sprinkler Activation Time 

• Smoke Detector Activation Time 

• […]
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Measured and predicted results are compared via scatter plots 
and summarized via two metrics: model bias and uncertainty.

 
 

VALIDATION RESULTS 
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Figure 5-4. HGL Temperature, Natural Ventilation (MQH). 

Zone Models: The results for CFAST and MAGIC are shown in Figure 5-5 and Figure 5-6, 
respectively. Typically, the models slightly over-predict the HGL temperature, particularly for 
tests with a relatively large fire. This is likely due to simplifying assumptions for zone models in 
calculating radiation to layers, compartment surfaces, and through vents to the outside or other 
compartments. The UL/NIST Vents experiments are noticeably over-predicted. These tests 
include large vents in the ceiling of the compartment that may extend beyond the original vent 
sizes of the empirical correlation used to determine flow through ceiling vents. In addition, the 
combination of larger HGL temperature and smaller HGL depth compared to the experimental 
data suggest that part of the difference may be attributed to the reduction method used to 
estimate layer temperature and position from the individual temperature measurements in the 
experiments. 
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CFD Model: The FDS results are shown in Figure 5-7. There is no obvious bias in the model 
predictions, and no particular trends in the data. The relatively low bias and model relative 
standard deviation suggest that FDS HGL predictions are close to experimental uncertainty. 
FDS does not calculate an HGL temperature directly. Rather, it predicts the gas temperatures at 
the same locations as the experimental measurements, and the HGL temperature is calculated 
in the exact same way as it is for the experimental data. 

 
Figure 5-7. HGL Temperature, Natural Ventilation (FDS). 

5.2.1.2 Forced Ventilation 
The peak measured temperature rise for the forced ventilation compartment experiments 
ranges from approximately 0 °C to 300 °C.  

Empirical Correlation: The results for the FPA and DB correlations are shown in Figure 5-8 and 
Figure 5-9, respectively. On average, the FPA correlation tends to predict a higher HGL 
temperature than the DB correlation, which is reflected in the larger model bias factor for the 
FPA correlation. Note that the predictions for the LLNL Enclosure Experiments are in better 
agreement with the FPA correlation because they were used to develop the FPA correlation. 
The validation results do not include the VTT Experiments (due to complex wall lining materials, 
and irregular geometry, as discussed in Section 5.2.1.1). 
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Models of Interest

Quantities  
of Interest

Summary of NRC 
NUREG-1824 
Supplement 1
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A Correlation Guide (NIST SP 1169) was created to serve as a 
verification and validation guide for the empirical correlations.

NIST Special Publication 1169

Verification and Validation
of Commonly Used

Empirical Correlations
for Fire Scenarios

Kristopher J. Overholt
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Modeling Smoke Detector/Alarm Activations
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In NRC NUREG-1824 Supplement 1, there is a single set of 
experiments to evaluate model predictions of smoke detector 
activation time (NIST Smoke Alarms experiments). The test 
report does not include detailed information about the 
parameters for the various smoke alarms. 

Thus, from a modeling standpoint, these devices are “black 
boxes”, and their activation can only be discerned from a variety 
of empirical techniques.
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A common detector activation prediction method is to assume that 
the smoke detector behaves like a sprinkler or heat detector whose 
activation is governed by a low activation temperature and RTI. 

The propagated uncertainty of this estimate is difficult to determine 
because RTI and temperature rise are not particularly well-correlated 
with smoke concentration within the sensing chamber of the detector.

Chapter 8

Sprinkler Activation Time

Much like an electrical cable, a sprinkler is merely a “target” with a particular set of thermal properties, such
as the response time index (RTI) that indicates the sensitivity of the fusible link or glass bulb. Activation is
assumed to occur when the link or bulb temperatures reaches a predetermined threshold temperature.

Description

For a steady-state fire, the correlation of Alpert [35] predicts that the activation time of a sprinkler, tact (s),
is given by [36]

tact =
RTI
pujet

ln
✓

Tjet �T•
Tjet �Tact

◆
(8.1)

where RTI is the response time index of the sprinkler ((m · s)1/2), T• is the ambient air temperature (�C), and
Tact is the activation temperature of the sprinkler (�C). The ceiling jet temperature, Tjet (�C), is given by

Tjet =

8
<

:

16.9Q̇2/3

H5/3 +T• r/H <= 0.18

5.38(Q̇/r)2/3

H +T• r/H > 0.18
(8.2)

where Q̇ is the total HRR (kW), H is the height of the ceiling above the fuel (m), and r is the radial distance
to the detector (m). The ceiling jet velocity, ujet (m/s), is given by

ujet =

8
<

:
0.947

⇣
Q̇
H

⌘1/3
r/H <= 0.15

0.197Q̇1/3H1/2

r5/6 r/H > 0.15
(8.3)

Note that some of these cases assume a quasi-steady approach for a fire source Q̇ that follows a specified
t-squared growth rate, which is given by Eq. 7.2.

For cases in which the fire was located against a wall or corner, these correlations are adjusted based
on the method of reflection. For a fire adjacent to a flat wall, 2Q̇ is substituted for Q̇; and for a fire in a
90-degree corner, 4Q̇ is substituted for Q̇ [35]. This adjustment is denoted in the input parameters as the
location factor. For a given case, the location factor has a value of 1, 2, or 4, which corresponds to a fire
away from walls or corners, a fire adjacent to a wall, or a fire located in a corner, respectively.

51
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NIST Smoke Alarms Experiments
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A series of experiments was conducted by NIST from 2000 to 2002 
to measure the activation time of ionization and photoelectric smoke 
alarms in a residential setting. Tests were conducted in homes with 
smoke alarms sold in retail stores at that time. 

Eight experiments that were conducted in a single-story 
manufactured home were selected for model validation. Only tests 
that used a flaming ignition source with a couch or mattress fuel 
package were considered.

6

Figure 3.  Upholstered chairs before and after smoldering (1st row) and flaming (2nd row) fire tests

11

Figure 1. Sample sensor test board used during tests of

residential smoke alarms

2  Residential Fire Alarms, Sensor Response and
Calibration in the FE/DE

2.1 Residential Alarms Included in the Study

Figure 1 shows one of the fire alarm

sensor test boards used during the

tests. Two classes of alarms were

used in the test series, unmodified

off-the-shelf smoke alarms and

modified smoke and CO alarms that

produce a continuous voltage signal

in response to the sensor

environment (such as smoke or CO

concentrations, ambient pressure,

humidity, and temperature).  The

unmodified alarms consisted of a

photoelectric model and two

ionization alarms corresponding to

the modified models provided by

the manufacturers.  These alarms

were purchased from retail

establishments for use in this test

series.  The alarm response was

verified by a single test in the FE/DE for at least 12 alarms of each type.  The modified smoke

and CO alarms were provided by their respective manufacturers.  These represented three

photoelectric type smoke alarms (one of which was of an aspirated design), three ionization type

smoke alarms, and three CO alarms, two of which employed an electrochemical cell, and one

which employed a tin oxide semiconductor (so-called Taguchi-type) sensor.  Each alarm was

assigned an arbitrary number for this report.  A naming convention using the alarm type (i.e.,

Ion) and the arbitrary number is used throughout the report to identify individual alarms (i.e.,

Ion-1 identifies one particular model of the ionization alarms; additional identification details the

location for each alarm in each test – see section 2.4).  Calibration tests were performed on the

modified smoke and CO alarms in order to develop voltage response curves for smoke and

carbon monoxide gas exposures.  The effects of local flow conditions and sensor test board

location on the sensor response were examined in the FE/DE to quantify alarm response biasing

due to a particular alarm's position on the test board in the test series.  Details of these

experiments are given below.  

7

Figure 4.  Twin-size mattresses before and after smoldering (1st row) and flaming (2nd row) fire tests
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NIST Smoke Alarms Experiments
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Fire Locations

Smoke Alarm Measurement Stations

Five measurement stations: Thermocouples, velocity probes, 
smoke alarms (photoelectric and ionization)

NIST Smoke Alarms Experiments
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Model Calibration
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Although a load cell was used in the experiments to measure 
the mass loss rate of the fuel package, the mass loss data were 
not reliable enough to reconstruct the HRR curves for each test.  

Instead, the HRR curves were determined by approximating the 
fire growth using a t-squared ramp.

Q̇(t) = Q̇0

✓
t

⌧

◆2
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The parameters for the t-squared ramp (approx. slow to medium 
t-squared growth rates) were calibrated in FDS by using the 
temperature measured at the highest thermocouple in the tree 
(2 cm below the ceiling) in the fire room.

to the ceiling.
Although a load cell was used in the experiments to measure the mass loss rate of the fuel package,

the mass loss data were not reliable enough to reconstruct the HRR curves for each test. Instead, the HRR
curves were determined by approximating the fire growth using a t-squared ramp, as in Eq. (3.2). The
parameters for the t-squared ramp were calibrated in FDS by using the temperature measured at the highest
thermocouple in the tree (2 cm below the ceiling) in the fire room.

Q̇ = Q̇0

⇣ t
t

⌘2
(3.2)

A time offset was used to align the predicted ceiling thermocouple temperatures with the measured tem-
peratures. This offset is reported as the time at which the t-squared ramp begins. The t-squared calibration
parameters and time offsets for the HRR ramps are shown in Table 3.4. Additionally, the ignition source had
a small effect on the measured ceiling thermocouple temperatures. Therefore, the size of the ignition source
was approximated as either 3 kW or 7 kW, and the time offset of the ignition source was also calibrated by
using the measured ceiling thermocouple temperatures. The resulting HRR curve was input into FDS as a
fire ramp. A summary of the eight tests selected for model validation is shown in Table 3.4.

Table 3.4: Summary of NIST Smoke Alarm Experiments selected for model validation.

Test No. Fire Source Fire Location Q̇0 (kW) t (s) Time Offset (s)
SDC02 Chair Living Room 150 180 20
SDC05 Mattress Bedroom 200 180 20
SDC07 Mattress Bedroom 350 180 50
SDC10 Chair Living Room 150 180 40
SDC33 Chair Living Room 100 180 10
SDC35 Chair Living Room 100 180 10
SDC38 Mattress Bedroom 120 180 25
SDC39 Mattress Bedroom 200 180 25

3.25 NRCC Facade Heat Flux Measurements

A series of experiments was conducted by the Fire Research Section of the Institute for Research in Con-
struction, National Research Council of Canada (NRCC), to measure the heat flux to a mock exterior build-
ing facade due to a fire within a compartment [159, 160]. The experiments selected for model validation
were conducted using a series of propane line burners within a compartment whose interior dimensions were
5.95 m wide, 4.4 m deep, and 2.75 m high (see Fig. 3.9). There were five different door/window sizes:

1. 0.94 m by 2.00 m high

2. 0.94 m by 2.70 m high (door)

3. 2.60 m by 1.37 m high (shown in Fig. 3.9)

4. 2.60 m by 2.00 m high

35
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Detector Activation Models and Results



Temperature Rise Method (Correlation)
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Chapter 8

Sprinkler Activation Time

Much like an electrical cable, a sprinkler is merely a “target” with a particular set of thermal properties, such
as the response time index (RTI) that indicates the sensitivity of the fusible link or glass bulb. Activation is
assumed to occur when the link or bulb temperatures reaches a predetermined threshold temperature.

Description

For a steady-state fire, the correlation of Alpert [35] predicts that the activation time of a sprinkler, tact (s),
is given by [36]

tact =
RTI
pujet

ln
✓

Tjet �T•
Tjet �Tact

◆
(8.1)

where RTI is the response time index of the sprinkler ((m · s)1/2), T• is the ambient air temperature (�C), and
Tact is the activation temperature of the sprinkler (�C). The ceiling jet temperature, Tjet (�C), is given by

Tjet =

8
<

:

16.9Q̇2/3

H5/3 +T• r/H <= 0.18

5.38(Q̇/r)2/3

H +T• r/H > 0.18
(8.2)

where Q̇ is the total HRR (kW), H is the height of the ceiling above the fuel (m), and r is the radial distance
to the detector (m). The ceiling jet velocity, ujet (m/s), is given by

ujet =

8
<

:
0.947

⇣
Q̇
H

⌘1/3
r/H <= 0.15

0.197Q̇1/3H1/2

r5/6 r/H > 0.15
(8.3)

Note that some of these cases assume a quasi-steady approach for a fire source Q̇ that follows a specified
t-squared growth rate, which is given by Eq. 7.2.

For cases in which the fire was located against a wall or corner, these correlations are adjusted based
on the method of reflection. For a fire adjacent to a flat wall, 2Q̇ is substituted for Q̇; and for a fire in a
90-degree corner, 4Q̇ is substituted for Q̇ [35]. This adjustment is denoted in the input parameters as the
location factor. For a given case, the location factor has a value of 1, 2, or 4, which corresponds to a fire
away from walls or corners, a fire adjacent to a wall, or a fire located in a corner, respectively.
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Bukowski and Averill suggested an activation temperature that 
corresponds to a temperature rise above ambient of 5 °C to be 
typical of many residential smoke alarms. It is assumed that the 
smoke detectors are low-RTI devices (RTI = 5 (m-s)1/2 ).



Results - Temperature Rise Method (Correlation)
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activation times. Note that only a subset of the experimental data from the NIST Smoke Alarms 
Experiments was included (smoke detectors that were located in the fire room) because the 
empirical correlations cannot account for multiple rooms. 

 
Figure 5-62. Smoke Detector Activation Time (Temperature Rise). 

 



Temperature Rise Method (CFAST)
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The CFAST zone model treats smoke alarms in the same 
manner as heat detectors and sprinklers, with a fixed activation 
temperature (5 °C above ambient temperature was used) and 
RTI (a value of 5 (m-s)1/2 was used). As with sprinkler activation, 
CFAST uses the ceiling jet gas temperature. 



 
 

VALIDATION RESULTS 
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Figure 5-65. Smoke Detector Activation Time (CFAST). 

 
Figure 5-66. Smoke Detector Activation Time (MAGIC). 

Results - Temperature Rise Method (CFAST)

!26



Temperature Rise Method (FDS)
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FDS can model smoke detector activation time either by 
assuming that the detector behaves like a sprinkler with a low 
RTI, or by calculating the time for the smoke concentration to 
reach an alarm threshold within the detector.

For the NIST Smoke Alarms experiments, the detector parameters 
were not provided; thus, FDS uses the same temperature rise 
algorithm as the empirical correlations and zone models.



Results - Temperature Rise Method (FDS)

!28

 
 

VALIDATION RESULTS 
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CFD Model: The FDS results are shown in Figure 5-67. FDS can model smoke detector 
activation time either by assuming that the detector acts like a sprinkler with a low RTI, or by 
calculating the time for the smoke concentration to reach an alarm threshold within the detector. 
For the latter method, FDS requires several parameters that characterize the lag time and 
activation concentration. For the NIST Smoke Alarms experiments, these parameters are not 
provided; thus, FDS uses the same temperature rise algorithm as the empirical and zone 
models. Note that the experimental and model uncertainty values are 0.29 rather than 0.34, as 
reported in Section 3.3.3, because the calculation of the model uncertainty does not allow a 
value less than the experimental uncertainty. 

 
Figure 5-67. Smoke Detector Activation Time (FDS). 
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Issues With These Predictive Methods
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Distribution of measured near-detector temperatures at time of 
detector activation for the NIST Smoke Alarms tests. 

(°C)



Smoke Concentration Method (FDS)
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For the smoke concentration method, FDS requires several 
parameters that characterize the lag time and activation 
concentration (that are typically not available).

9.3 Smoke Detectors

An informative discussion of the issues associated with smoke detection can be found in the SFPE Handbook
chapter “Design of Detection Systems,” by Schifiliti, Meacham, and Custer [99]. The authors point out that
the difficulty in modeling smoke detector activation stems from a number of issues: (1) the production and
transport of smoke in the early stage of a fire are not well-understood, (2) detectors often use complex
response algorithms rather than simple threshold or rate-of-change criteria, (3) detectors can be sensitive to
smoke particle number density, size distribution, refractive index, composition, etc., and (4) most computer
models, including FDS, do not provide detailed descriptions of the smoke besides its bulk transport. This
last point is the most important. At best, in its present form, FDS can only calculate the velocity and smoke
concentration of the ceiling jet flowing past the detector. Regardless of the detailed mechanism within the
device, any activation model included within FDS can only account for the entry resistance of the smoke due
to the geometry of the detector. Issues related to the effectiveness of ionization or photoelectric detectors
cannot be addressed by FDS.

Consider the simple idealization of a “spot-type” smoke detector. A disk-shaped cover lined with a fine
mesh screen forms the external housing of the device, which is usually mounted on the ceiling. Somewhere
within the device is a relatively small sensing chamber where the smoke is actually detected in some way.
A simple model of this device has been proposed by Heskestad [99]. He suggested that the mass fraction of
smoke in the sensing chamber of the detector Yc lags behind the mass fraction in the external free stream Ye
by a time period d t = L/u, where u is the free stream velocity and L is a length characteristic of the detector
geometry. The change in the mass fraction of smoke in the sensing chamber can be found by solving the
following equation:

dYc

dt
=

Ye(t)�Yc(t)
L/u

(9.3)

The detector activates when Yc rises above a detector-specific threshold.
A more detailed model of smoke detection involving two filling times rather than one has also been

proposed. Smoke passing into the sensing chamber must first pass through the exterior housing, then it must
pass through a series of baffles before arriving at the sensing chamber. There is a time lag associated with
the passing of the smoke through the housing and also the entry of the smoke into the sensing chamber.
Let d te be the characteristic filling time of the entire volume enclosed by the external housing. Let d tc be
the characteristic filling time of the sensing chamber. Cleary et al. [100] suggested that each characteristic
filling time is a function of the free-stream velocity u outside the detector

d te = aeube ; d tc = acubc (9.4)

The a and b parameters are empirical constants related to the specific detector geometry. Suggested values
for these parameters are listed in the FDS User’s Guide [3]. The change in the mass fraction of smoke in the
sensing chamber Yc can be found by solving the following equation:

dYc

dt
=

Ye(t �d te)�Yc(t)
d tc

(9.5)

where Ye is the mass fraction of smoke outside of the detector in the free-stream. A simple interpretation of
the equation is that the concentration of the smoke that enters the sensing chamber at time t is that of the
free-stream at time t �d te.

An analytical solution for Eq. (9.5) can be found, but it is more convenient to simply integrate it numer-
ically as is done for sprinklers and heat detectors. Then, the predicted mass fraction of smoke in the sensing
chamber Yc(t) can be converted into an expression for the percent obscuration per unit length by computing:

Obscuration =
⇣

1� e�KmrYcl
⌘
⇥100 % per length l (9.6)
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Heskestad Model:

Cleary Model:



Conclusions/Questions
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1) Is an activation temperature the right surrogate (or physics) for 
smoke detectors? 

2) Can smoke detector activation be correlated with temperature? 

3) Which activation temperature and RTI to use for smoke detectors? 

4) How do we determine/propagate experimental uncertainty? 

5) For the smoke concentration method, how do we easily obtain lag 
time parameters? 

Validation framework is in place; need more experimental data.
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