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FOREWORD
Information-technology and telecommunications (IT/telecom) facilities provide critical services
in today’s world. From a risk standpoint, the indirect impact of fire loss due to business
interruption and loss of critical operations, sometimes geographically very distant from the
IT/telecom facility itself, can far outweigh the direct property loss.
In the past few years, there have been dramatic changes in the equipment housed in these facilities,
which have placed increased demands on HVAC systems. As a result, airflow containment
solutions are being introduced to increase energy efficiency. From a fire safety design perspective,
the use of airflow containment creates a high airflow environment that dilutes the smoke, which
poses challenges for providing adequate detection, and affects the dispersion of suppression
agents.
Fire protection requirements for IT/telecom facilities are directly addressed by NFPA 75,
Protection of Information Technology Equipment, and NFPA 76, Fire Protection of
Telecommunications Facilities. Installation of detection systems are covered by NFPA 72,
National Fire Alarm and Signaling Code, which is referenced by both NFPA 75 and NFPA 76.
Annex Section B.4.5 of NFPA 72, National Fire Alarm and Signaling Code, states, “There
currently are no quantitative methods for estimating either smoke dilution or airflow effects on
locating smoke detectors.” Although tools exist to model fire development, detection time, and
suppression agent dispersion, they have not been validated for this application.
Accordingly, the Fire Protection Research Foundation initiated this project with an overall goal to
validate a CFD model that can be used for providing reliable analysis of detection performance in
IT/telecom facilities and to provide guidance to the NFPA 75 and 76 Technical Committees on
detection in IT/telecom facilities. A Phase 1 project reviewed the candidate models and identified
the knowledge gaps on this topic. Phase 2 of the project involved filling in these knowledge gaps
by characterizing fire sources, characterizing detector response, full scale model validation, and
development of guidance for the Technical Committees using the validated model. This report
contains a summary of work done to develop design guidance for the Technical Committees (Task
5 of the project).
The Research Foundation expresses gratitude to the report authors Daniel Gottuk, Jason Floyd,
and Joshua Dinaburg, who are with Hughes Associates, Inc located in Baltimore, Maryland. The
Research Foundation appreciates the guidance provided by the Project Technical Panelists, the
funding provided by the project sponsors, and all others that contributed to this research effort.
Special thanks to FM Global who donated all resources associated with conducting the full scale
tests. A separate FM Global report contains the data and results from this testing. Thanks also go
to the National Institute of Standards and Technology for helping support the validation effort and
Verizon Wireless for donation of equipment for full scale tests.
The content, opinions and conclusions contained in this report are solely those of the authors.
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BACKGROUND

1.

Modern information-technology and telecommunications (IT/telecom) facilities create challenges for the
design of fire protection systems and for the development of code guidance for those systems. The
high flow rates (upwards of 100 ACH or more) needed to provide adequate cooling impact the
performance of detection and suppression systems. This impact has not generally been quantified for
those higher flow rates by experiment, and current modeling tools, while having the ability, have not
been validated for the specific application of detection performance in high air flow rate conditions.
Phase I work [1] conducted as part of this effort identified a number of computer models capable of
modeling these facilities. The task also identified four critical knowledge gaps limiting the use of those
models for the response of detection devices in high airflow IT/telecom environments. A phase II effort
was developed to address three of the four gaps: specification of appropriate smoke sources,
evaluation of detector response for those sources in high airflow environments, and model validation
with large-scale, integral test data. The complete Phase II effort of this project consists of several tasks,
including:
•
•
•
•
•

Task 1 – Identification of representative fire sources
Task 2 – Characterization of smoke and heat output from representative fire sources
Task 3 – Characterization of the response of smoke detection devices
Task 4 – Validation of Task 2 and 3 data with full scale testing and modeling
Task 5 – Modeling of common IT/Telecom facility designs

This report presents Task 5 in which a large number of simulations were performed on common IT
designs using the smoke sources developed in Task 2/3 [1] and validated in Task 4 [2].
2.

OBJECTIVE

The primary objectives of the work described in this report was to perform a variety of simulations
considering the geometry and airflows of real IT/telecom facilities in order to develop information that
could be used by the NFPA 75 and 76 Technical Committees to develop requirements and/or
informative annex material.
3.

STUDY PARAMETERS

3.1.

IT/Telecom Facility Footprint

IT/telecom facilities can have a very wide range of footprints. On the large end are data warehouses
used by companies such as Google and Amazon.com where a pod of servers may occupy 20,000 ft2 or
more. On the small end are server rooms for small businesses which may only encompass 1,000 ft2. In
a typical facility design, air handling units are located on the periphery of the room to aid in uniform air
distribution. Generally, more units are used as facility size grows. Therefore, in typical practice, a very
large facility is not likely to be tightly coupled in terms of the global airflows. That is, conditions at any
one location will be more influenced by nearest neighbors than the far side of the room. To strike a
balance between computational resources needed and avoiding too small of a simulation, a 56 ft x 56 ft
room was used in the simulations. This is large enough to require more than one smoke detector if it
were a typical low airflow space, but not so large that computational resources would be overly limiting.
The basic room template is shown in Figure 1. Twelve (12) rows of servers are organized into two
groups of six separated by an aisle. Up to 8 computer room air handlers (CRAH) units are along the
perimeter of the room (more or less depending on the total airflow requirements). The room contains (if
needed for the airflow configuration) a 3 ft ceiling plenum and 3 ft subfloor. The server height is 6 ft.
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Figure 1 – Datacenter template
3.2.

Airflow Configurations

SERVER

CRAH

Discussions with the Technical panel resulted in the creation of a set of five basic airflow configurations.
Three configurations (shown in Figure 2) had both subfloor and ceiling plenums. In these
configurations, cooled air was injected from CRAH units into the subfloor where it rises through cold
aisles next to each row of servers. The servers pull air through them, heating the air, and discharging it
into a hot aisle. Air is then exhausted into the ceiling plenum where it either exits the facility or is
recirculated back to the subfloor. Three variants of this airflow configuration exist: no confinement
where the cold and hot streams can mix, cold aisle confinement where an enclosure separates air
entering from the cold aisles to the servers from the rest of the space, and hot aisle confinement where
an enclosure separates air from the hot aisles to the ceiling plenum from the rest of the space. The
remaining two configurations lacked a subfloor, see Figure 3. Air from the CRAH is injected into the
ceiling plenum where it is ducted towards the cold aisles. Heated air from the servers is then removed
from the room and either exhausted or cooled and recirculated. The two variants of this configuration
either lack or contain a partial confinement for the return airflow to the CRAHs. The second variant,
partial confinement, was deemed by the technical panel to be rare and was dropped from further
consideration.

Figure 2 – Ceiling plenum and subfloor configurations (no confinement, cold aisle, hot aisle)
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Figure 3 – Ceiling plenum only configurations (no confinement, CRAH confinement)
3.3.

Other Study Variables

Other variables for the study included:
•

•

•
•
•

Power density: 50, 100, 200, 600, and 1000 W/ft2. The focus of this study was the higher power
densities; however, a small number of simulations were performed with power densities of 50
and 100 W/ft2.
Ceiling height: Ceiling heights of 10 ft and 20 ft for the server floor (i.e. 4 ft and 14 ft height
above the servers to the ceiling plenum). 10 ft was used for most scenarios, however, a few
simulations were performed with 20 ft.
Fire locations: server cabinets, aisles, cable trays, and CRAHs
Fire types: Class A (aisles), cables (cable trays, server cabinets, CRAHs), and circuit boards
(server cabinets)
Recirculation: 0 % and 100 % recirculation. 0 % recirculation was used for most scenarios as it
is a more challenging configuration for detections as no soot levels can build up. 100 %
recirculation with no filtration was used for a small number of simulations.

4.

Model Inputs

4.1.

Airflow

Using the power density and the floor area occupied by the servers, a total heat dissipation was
determined. Based on airflow data provided by the project technical panel, it was assumed that there
was an 18 °F (10 °C) temperature rise across the servers. From this, an airflow rate can be determined.
It was additionally assumed that no CRAH would provide more than 25,000 cfm of air and that a
minimum of two CRAH units would be used. This process results in the required airflow and CRAHs
shown in Table 1 below where the room ACH includes the volume of the plenum and subfloor..
Table 1 – Total air flow rates for the full scale smoke source tests
Power
Density
(W/ft2)

Total Heat
Load
(kW)

Total Required
Airflow
(cfm)

Required
CRAH

Flow per
CRAH
(cfm)

Server Flow
Velocity
(fpm)

Room
ACH

50

36

6,138

2

3,069

4.3

7.3

100

72

12,276

2

6,138

8.5

15.

200

144

24,552

2

12,276

17.

29.

600

432

73,656

4

18,414

51.

88.

1,000

720

122,760

6

20,460

85.

147.
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Leakage flows in datacenters are estimated at 5 % to 15 % of the total airflow with newer datacenters
towards the lower end of the range [3]. As the focus of this study is on high airflow (i.e. newer
datacenters), a leakage near 5 % is a small amount of leakage compared to the overall levels of
uncertainty in the detection correlations developed in Task 2/3 or the overall modeling uncertainties
expected from a CFD model. Therefore, for simplicity, leakage was ignored and it was assumed that
100 % of the airflow from the CRAHs flowed through the servers. The total airflow rate was divided by
the total area of one side of the servers to determine a server flow velocity. These values are also
shown in Table 1.
4.2.

CRAH and Server Flow

Flow through the CRAH units and servers were implemented using the FDS HVAC model. This allows
for the suction and discharge flows while transporting any soot that might be present.
Each CRAH unit in the model was defined with two HVAC vents. One vent occupied the plan view
footprint of the CRAH and was connected to the ceiling plenum. The second depended upon the overall
datacenter configuration. For the no-subfloor case, the second vent was equal in area to the first vent,
but was placed on the side of the CRAH pointing inwards towards the datacenter. For the other cases,
the second vent was equal in area to the first vent and was connected to the subfloor. For the 0 %
recirculation cases, two HVAC ducts were defined. One duct took suction from the datacenter (side
CRAH vent for the no-subfloor cases and top vent for all other cases) and discharged to ambient and
the second duct took suction from ambient and discharged to the datacenter. Both ducts were given
equal mass flows computed using the ambient density and the CRAH airflow from Table 1. For the 100
% recirculation cases, one HVAC duct was defined. This duct connected the suction vent to the
discharge vent and was assigned the same total mass flow as in the 0 % recirculation cases. The
CRAH units that were used as smoke sources had a slightly different HVAC definition which will be
discussed in the CRAH/server smoke source section.
Each row of servers was modeled as a collection of HVAC vents. Each server row was divided into 120
“servers” measuring 2 ft in width and 8 in. high. The cold side was connected to the hot side by HVAC
ducts which allowed smoke to move through the server. Each duct was given a constant mass flow
computed using the flow area, the flow speed from Table 1, and the ambient air density. Servers that
were used as smoke sources had a slightly different HVAC definition which will be discussed in the
CRAH/server smoke source section.
4.3.

Smoke Sources

Three smoke sources were used in the simulations: Class A materials, smoldering cable, and
smoldering circuit board. The sections that follow describe the source definitions and locations. Of the
three sources used, the Class A source is most easily scalable to larger sizes. Provided the fire has not
grown large enough where local extinction beings having a significant effect on soot production, the
small scale source data collected during Task 2/3 should still be applicable. The cable and circuit board
sources can be scaled to represent more cables or multiple circuit boards undergoing overheating.
However, in all likelihood, a significantly larger cable or circuit board source would imply a transition to
a flaming fire as a heat source for driving additional smoke development.
4.3.1. Class A Fire Source
4.3.1.1. Source Description
The Class A materials fire was presumed to be polyethylene. The fire was defined as the fuel C2H4 ,
polyethylene is CH3-(C2H4)n-CH3, with a 5 % soot yield and a medium t2 growth rate. The default
mixing-controlled, fast chemistry combustion model in FDS was used. The growth means that the fire
grew proportional to the time squared to a size of 1 MW in 5 minutes.
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4.3.1.2. Source Location
Six locations were selected for the Class A materials fire. All of the locations were on the floor (or raised
floor) of the facility. Two locations were in the aisle between the two columns of server rows, two
locations were at the ends of an aisle, and two locations were at the center of an aisle. The locations
are shown in Figure 4. Since these simulations use the FDS combustion model, six separate
simulations were required, one for each source location.

Figure 4 – Source locations for Class A fire

4.3.2. Cable Fire Source
4.3.2.1. Source Description
The cable fire smoke production, a bundle of 5 cables 8 inches in length in contact with a 6 inch heater,
was determined in Task 2/3 to follow the equations below:

S&avg = (0.000155v + 0.432)e−0.0059(T −37)
,
S& = S&avgte−0.3t

(1)

where v is the air velocity at the cable in fpm, T is the heat cartridge temperature in °C, t is time in min,
and S& is the smoke production rate in mg/s. These equations were used to define time dependent
smoke mass flux source terms for each cable source simulation. In general, it was found that the
smoke production rate was increased by increasing exposure temperature and increasing local air
velocity. A 700 °C temperature was used and the air velocity was taken from Table 1 as the CRAH
speed (CRAH cfm divided by CRAH footprint), server speed, or nominal facility flow speed (taken as
the total datacenter cfm divided by the subfloor cross-sectional area). This results in 15 different mass
flux source terms (one for each of the five heat loads for each of the three source locations) as shown
in Figure 5 below. Note that a 30 s delay was added to each source term to allow the airflows to reach
steady-state before starting the smoke source.
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Figure 5 – Cable smoke source terms based on heat load and source location
4.3.2.2. Source Location
Two CRAH source locations were used as shown in Figure 6. Other CRAH locations were not required
as they are symmetric. Cable tray source locations are shown in Figure 7. Six cable tray locations were
used (with the cable trays in the subfloor for cases with a subfloor and above the servers for cases
without a subfloor). Server locations are shown in Figure 8. A total of twelve locations were selected.
These were high and low locations at the ends and middle of two rows. Since combustion modeling
was not performed for these sources, multiple sources could be run in the same simulation. A separate
soot species was defined for each source location with up to six source locations in a single simulation.
The smoke production rate is very small in comparison to the overall airflows, so the smoke from one
source location will not have an effect on the dispersion of smoke from a different location. Therefore,
the CRAH and cable tray locations required one simulation each and the server locations required two
simulations.

Figure 6 – Cable smoke source CRAH locations
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Location for cases with no subfloor

Location for cases with subfloor

Figure 7 – Cable smoke source cable tray locations

Figure 8 – Cable smoke source server locations

4.3.3. Circuit Board Source
4.3.3.1. Source Description
The circuit board smoke source was tested at two velocities during Task 2/3: 100 fpm and 500 fpm.
There was a noticeable difference in smoke production for the two speeds; however, with only two flow
speeds, there was insufficient data to draw any strong conclusions on how to model an arbitrary flow
speed. The server flow speeds shown in Table 1 show that the 500 fpm source represents far too large
of a flow speed for the conditions being modeled. Therefore, the 100 fpm source was used. The source
definition from the Task 2/3 report was offset 30 seconds to allow for the flow field to reach steady-state
prior to adding smoke. The modified curve is shown in Figure 9 below.
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Figure 9 – Circuit board smoke source

4.3.3.2. Source Locations
The circuit board source was only used with locations in the servers. The same locations shown in
Figure 8 for the cable source was used for the circuit board source.
4.3.4. CRAH and Server Source Implementation
From a flow point of view, the CRAHs and servers are a duct with a fan in them. If a circuit board or
cable begins to degrade, smoke will be added to the air flowing through the “duct”. The HVAC model in
FDS does not have the ability to specify an internal source term. Instead for each source location, a
void was added to the solid obstruction for the server or CRAH. Figure 10 depicts this for a server
source location. The normal single flow path through the server was split into two flow paths. One flow
path took suction from the cold aisle and discharged into the void space. This had a constant mass flow
as shown in Table 1. The smoke production curve was defined as a boundary condition on one side of
the void. The second flow path took suction from the void and discharged it to the hot aisle. This path
had a mass flow that was the sum of the constant mass flow plus the smoke source mass flow. A
similar approach was used for the CRAH source locations.

Figure 10 – Implementation of CRAH source
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Heat Dissipation

If the total heat input of the servers is considered a fire, then the face area of the servers can be used
to compute the dimensionless heat release rate Q*. For the heat dissipations in this study, this gives a
range of Q* from 0.00005 to 0.001. Typical ordinary combustibles will have Q* values near 1 for flaming
fires. The very low Q* for the server airflow indicates it is a very weak source of buoyancy in
comparison to a fire. Combined with the relatively low heights for entrainment and that for high airflow
facilities confinement is predominately used (isolating the cold and hot streams), buoyancy aspects of
the server heat load for the high airflows is not significant compared to the overall airflows. As such, the
server heat loads were not modeled in this study; however, heat for flaming smoke sources was
modeled.
4.5.

Thermal Boundary Conditions

All surfaces were considered to be adiabatic in the simulations. For the smoldering smoke sources, no
significant heat is being released; with no other heat loads being modeled, the adiabatic wall condition
will become a constant temperature wall condition. The flaming smoke source did result in the release
of heat into the simulation. However, detection was expected for relatively modest fire sizes; therefore,
neither plume temperatures nor room temperatures (for recirculation cases) were expected to be large.
As a result, significant amounts of heat transfer to walls was not expected and the assumption of
adiabatic conditions was warranted.
4.6.

Other Model Parameters

A 4 inch grid size was used for all the simulations. This resulted in a total of 1.3 or 2.1 million grid cells
depending upon the ceiling height. All simulations utilized four meshes that divided the room into equal
quadrants. In the Task 4 report, a 4 inch grid was determined to adequately resolve the flow field in the
FM Global datacenter mockup.
Since heat transfer to surfaces was not modeled and since the fire plume temperatures were expected
to be low away from the fire, additional computational time was saved by using a constant specific
height and bypassing the radiation calculations (the convective heat release for the Class A fire is still
reduced by the radiative fraction).
4.7.

Room Configurations

4.7.1. Ceiling Plenum and Subfloor with no Confinement
The room configuration for the ceiling plenum and subfloor with no confinement is shown in Figure 11.
The specific model shown is for the 1000 W/ft2 heat load. Models for the other heat loads will have the
same geometry with the exception that there will be fewer CRAH units as the heat load decreases. The
gray obstructions seen below the subfloor are the cable trays. The slight changes in color over the
height of the servers indicate the vertical partitioning for the HVAC vents for the server air flow. The tan
rectangles seen on the ceiling partition to the ceiling plenum are the vents for the CRAH units.
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Figure 11 – FDS model for ceiling plenum and subfloor with no confinement
4.7.2. Ceiling Plenum and Subfloor with Cold Aisle Confinement
The room configuration for the ceiling plenum and subfloor with cold aisle confinement is shown in
Figure 12. The confinement is the partially opaque, green obstructions seen in the figure. The specific
model shown is for the 1000 W/ft2 heat load.

Figure 12 – FDS model for ceiling plenum and subfloor with cold aisle confinement
4.7.3. Ceiling Plenum and Subfloor with Hot Aisle Confinement
The room configuration for the ceiling plenum and subfloor with no confinement is shown in Figure 13.
The confinement is the partially opaque, green obstructions seen in the figure. The specific model
shown is for the 1000 W/ft2 heat load.
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Figure 13 – FDS model for ceiling plenum and subfloor with hot aisle confinement
4.7.4. Ceiling Plenum and no Subfloor with no Confinement
The room configuration for the ceiling plenum with no subfloor with no confinement is shown in Figure
14. The specific model shown is for the 1000 W/ft2 heat load. The gray obstructions seen above the
servers are the cable trays. Note that vents can now be seen on the lower side of the CRAH units
where previously they were on the underside of the subfloor.

Figure 14 – FDS model for ceiling plenum and no subfloor with no confinement
5.

Analysis Approach

The goal of this project is to provide guidance on detection layouts that would provide a reasonable
degree of assurance of detecting a smoldering or small flaming fire in a datacenter with high airflow
rates.
Each FDS simulation contained 1.3 million grid cells (more for the higher ceiling heights). Each of those
points represents a distinct location that could be evaluated for detector placement. However, it would
be highly unlikely that one would mount smoke detection suspended at some random height above the
floor. The analysis began by defining the locations that would plausibly be used for mounting smoke
detector. There were determined to be: the structural ceiling in the ceiling plenum, the underside of the
suspended ceiling, the underside of the subfloor, the ceiling of the hot or cold aisle confinements, and
inside a CRAH unit. Combined, these locations encompass on the order of 100,000 grid cells.
With on the order of 100,000 points to be evaluated for 100s of simulations over a range of detector
sensitivities, this represents millions of potential time dependent points to evaluate. The full correlation
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developed in task 2/3 would require individual post-processing for each of these points for each
simulation; plus examining the resulting responses to assess detector spacing. To make the analysis
more tractable, the application of the correlations was simplified in three steps.
The first step was to limit the values of detector sensitivity that were evaluated. Two of the three
detectors characterized in Task 2/3 have fixed alarm points. The TrueAlarm has alarm points at 0.2,
0.5, and 1 %/ft. The View has alarm points at 0.02, 0.03, 0.1, 0.5, 1, 1.5, and 2 %/ft. The FAAST
detector has multiple user configurable alarm points that can range from 0.002 to 3 %/ft. To make
analysis tractable, each detector was examined at limited number of points spanning each detectors
range of sensitivity. For the TrueAlarm, these were 0.2, 0.5, and 1 %/ft. For the View these were 0.02,
0.2, and 1 %/ft. For the FAAST, these were 0.002, 0.02, 0.2, and 1 %/ft. In the analysis, the lowest
value for each detector was referred to as “high sensitivity” and the highest value as “low sensitivity”.
The second step in making the analysis tractable was to limit the required post processing of the data.
From Task 2/3, the basic response equation for each of the detectors is shown below:
y detector = a sv v sv + a dv v dv + a f d + a s s + c ,

(2)

Where ydetector is the detection response in %/ft, a are constants, v is the velocity (sv = at smoke source,
dv = at detector), d is the filter particle size, s is the smoke concentration at the detector, and c is a
constant. The constant terms are all functions of the smoke source type. Assuming the smallest filter
size, a new constant term can be created:

ydetector = asv vsv + adv vdv + as s + c2 .

(3)

For each smoke source location, there was a known velocity based on the location (subfloor, server,
CRAH, aisle). This results in a constant term that depends on the source location:

y detector = adv vdv + as s + c3 (source location) .

(4)

Detector velocity was dependent on the specific detector location. As noted previously, there are on the
order of 100,000 potential locations each of which would have its own velocity. Having to apply the
above equation to each of those points for each simulation would have been a time consuming
process. However, if one examines the correlations for each detector, there is generally weak
dependence on the velocity at the detector. Instead of attempting to determine and use specific location
velocities, a nominal detector velocity was generated for each category of detector location (CRAH,
subfloor, ceiling, plenum, or confinement). These used the nominal flow velocity in each location based
on the cross-sectional flow area and the volume flow. For example, the CRAH velocity for a CRAH
mounted detector was taken by dividing the CRAH flow rate by the CRAH area. As another example,
the subfloor velocity was taken dividing the total flow rate by the vertical cross-sectional area of the
subfloor. Rather than 100,000 velocity points for each ventilation configuration for each server heat
load, this process resulted in a CRAH velocity, a subfloor/plenum velocity, and an aisle velocity for each
server heat load. This resulted in set of equations for detector sensitivity whose only FDS required data
was the soot concentration at a detector location:

y detector = as s + c4 (source location, detector location) .

(5)

There would be a separate Equation 5 for each combination of detector type, location, and server heat
load. Since only a few specific detector responses are being considered (low, medium, and high
sensitivity), by setting ydetector to those response values, the local smoke mass concentration, s, can be
solved for as a function of detector type, source type/location, and detector location. Data postprocessing can then consist of simply comparing the FDS predictions for smoke mass concentration to
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the tabulated values for s. If the FDS prediction for a specific location was higher than the value
computed for s, then detection at the given sensitivity level and detector type was assumed to occur.
When applying the correlations, there were some numerical issues that needed to be dealt with. For
some combinations of detector type, source type, and detector location, when the smallest value of
ydetector was used, the resulting value for s was a negative number. Cleary this is not a valid result (it
would imply the detector would go into alarm the moment it was powered up). However, there must be
some level of soot below the threshold for medium sensitivity where a detector will cross the threshold
for its highest sensitivity. For those cases where the correlation had a negative s at the highest
sensitivity level, that negative value was replaced with a positive value that was determined by linear
extrapolation of the medium response value of s to zero response at zero mass fraction. For example if
the correlation resulted in -0.2 mg/m3 of soot for 0.02 % sensitivity and 1 mg/m3 of soot for 0.2 %
sensitivity, then to prevent the negative mass fraction the 0.2 % value was linearly reduced to 0.1 mg/3
for 0.02 % sensitivity.
As noted in the Task 2/3 report, the correlations are unique to the specific detectors and specific smoke
sources tested. They cannot be presumed applicable to other smoke sources or smoke detectors (even
ones using similar technology or different models from the same manufacturer). However, correlations
could be developed for any given specific detector or smoke source by following the approach
documented in the task 2/3 report.
The last step was to establish when during the simulation to evaluate the detection response. For the
Class A fires, detection performance was evaluated at fire sizes of 5, 10, 50, and 80 kW. These
encompass incipient fires through fires large enough to potentially ignite other nearby objects not in
direct contact. For all other sources, detection performance was evaluated when the largest extent of
smoke existed. Generally, this occurred near five minutes into the simulation for non-recirculation cases
and at the end of the simulation for recirculation cases (simulations were run for 6.5 minutes of smoke
generation which was past the peak generation for both cables and circuit boards).
Determining spacing based on the threshold values was done using one of two approaches. For
detection at the CRAH units, FDS outputted the mass fraction of smoke in the HVAC ducts used to
model the CRAH flow. These csv files where then either examined at the times corresponding to the
Class A fires sizes or had the maximum concentration found for the other source types. The soot
concentrations were then compared against the tabulated values for s in order to determine which
detectors at which response levels would have alarmed. For the other detector locations (e.g. subfloor,
plenum, etc.), the spacing was determined visually. Slice planes of soot mass fraction were stored at
the elevations where detectors could be placed. Smokeview was used to visually those slice planes.
Smokeview allows one to select a contour value to be highlighted (drawn in black rather than a in a
rainbow color). Contour values for the values of s were highlighted. If the area encompassed by the
contour encompassed a reasonable area, the area was used to determine a spacing. If the resulting
area encompassed less than around 100 ft2, then detection was deemed ineffective. Smaller coverage
areas would imply spacings of under 10 ft which can quickly become an impractical number of devices.
This process is illustrated in Figure 15 for an 80 kW fire with the required soot mass fraction for the
View detector at low sensitivity (0.02 %/ft) shown where the area of the yellow rectangle is used to
define a spacing.
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Figure 15 – Illustration of determining spacing requirement
It is noted that the FAAST detector was not modeled as a network of sampling locations, but rather it
was evaluated on the same basis as point detection. For the FAAST detector the statement of a 30 foot
spacing represents a sampling area on the order of 900 ft2.
6.

RESULTS

The following two sections present the results for low air flow, 50 W/ft2 (7.3 ACH) and 100 W/ft2 (15
ACH) and high air flow, 200 W/ft2 (29 ACH) to 1,000 W/ft2 (147 ACH). Detection response is discussed
in terms of high, medium, and low sensitivity. These correspond to the levels selected for comparison
as described in the previous section and summarized below in Table 2.
Table 2 – Detection Levels
Obscuration
(%/ft)

Level
View

FAAST

TrueAlarm

High

0.02

0.002

0.2

Medium

0.2

0.02, 0.2

0.5

Low

1.0

1.0

1.0

In the discussions that follow, when hot aisle confinement is being used, ceiling detection refers to
detectors mounted on the ceiling but not within a confined hot aisle (within the confines of the aisle is
considered hot aisle detection).
6.1.

Low Air Flow

A small number of simulations were run using power densities of 50 W/ft2 and 100 W/ft-2 and no
recirculation. These are respectively equivalent to air change rates of 8 and 15 air changes per hour
using the total volume of the datacenter with a 10 ft ceiling and a subfloor (slightly higher air changes
with no subfloor and significantly less for the 20 ft ceiling). Ventilation for occupied areas without
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hazardous materials (e.g. office spaces and not workshops) is typically in the range of 4 to 6 air
changes per hour. The low flow simulations are higher than this, but not by an extreme amount.
6.1.1. Class A Material Source
With very low airflow rates, there was the expectation that smoke detection would perform well for
Class A Materials as long as smoke could reach a detector. Since none of the low airflow cases used
recirculation, this precluded the subfloor as a location for detection to detect the Class A material fires
which were all located above the subfloor. The following observations were made on smoke detector
effectiveness for Class A fire smoke sources:
•

CRAH detection generally did not occur until the fire had grown to 50 kW or more at which point
detection was occurring at medium and sometimes low sensitivity levels. If detection of incipient
fires is desired, CRAH detection would not be recommended. Factors that resulted in this are
noted below:
o

For the no-subfloor geometry, unless the source was located under the downdraft of cold
air supply or near the inlet to a CRAH, stratification of smoke occurred and it took time
for the smoke layer to reach the CRAH inlets.

o

For subfloor geometries, smoke from the fire had to first enter the ceiling plenum before
it could enter a CRAH intake. As smoke from the fire entered the plenum it mixed with air
from all other locations within the room. This diluted the smoke below detectable levels
until the fire had grown to the larger sizes. As the fire grew in size to the larger sizes the
additional smoke production plus residual smoke in the plenum from prior times
eventually reached detectable levels at the process took time and compared to ceiling or
ceiling plenum detection

o

For the hot aisle geometries, performance was notably poor. For hot aisle enclosures, if
the source was not within a hot aisle, a significant quantity of the smoke formed a layer
above the servers and did not enter the ceiling plenum.

•

Hot or cold aisle enclosure detection was only highly effective if the fire was located within the
enclosure aisle. Incipient fire detection in these cases occurred at high to medium detector
sensitivities. Only one detector per enclosure was required (modeled aisles were 20 ft in length).
Hot aisle detection did occur for the 80 kW fire size for high to medium detection sensitivities for
all fire locations.

•

With the exception of fires located within a hot aisle enclosure, detection mounted on the
suspended ceiling was highly effective. Detection at spacings up to 30 ft would detect most
incipient fires at the high and medium sensitivities and the two larger fire sizes at the lowest
sensitivities for the View and TrueAlarm detectors.

•

Ceiling plenum detection was very effective for the cold aisle and subfloor with no enclosures
geometries. Detection would be expected for incipient fires at high sensitivity with a detector
spacing of 15 ft and for larger fires at a detector spacing of 30 ft for the high and medium
sensitivities. For the no-subfloor geometry, with cold air supplied through the ceiling plenum,
little smoke penetrated into the plenum area. A fire located beneath the downdraft could push
some smoke into the plenum area as the fire size grew, but elsewhere this would not occur. For
hot aisle enclosures, unless the fire was in a hot aisle, there would be a delay of a few minutes
before sufficient smoke was entrained into the server air flow for detection to occur in the
plenum. At a 30 ft spacing, detection did occur for the largest fire size, but incipient detection did
not occur.
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6.1.2. CRAH Source
The following observations were made on smoke detector effectiveness when the smoke source is
located in the CRAH:
•

Detection on the outlet flow from a CRAH was effective at the high sensitivity level in detecting
CRAH smoke sources. Detection on the inlet flows was generally ineffective when there was no
recirculation of the flow.

•

Subfloor detection occurred at the high sensitivity levels for detector spacings up to 30 ft.

•

Cold and hot aisle enclosure detection occurred at high sensitivity levels for detector spacings
up to 20 ft.

•

If the hot aisle was enclosed, ceiling detection was ineffective; otherwise, detection was
effective at high sensitivity levels for the View and TrueAlarm detectors at 30 ft spacing and the
FAAST at 20 ft spacing.

•

Detection in the ceiling plenum was effective at low sensitivity levels for the View and TrueAlarm
detectors at 30 ft spacing and the FAAST at 20 ft spacing.

6.1.3. Cable Tray Source
The following observations were made on smoke detector effectiveness when the smoke source is
located in the cable trays:
•

Subfloor detection was effective at high sensitivity for detector spacings of 15 ft and medium
sensitivities at detector spacings of 10 ft. Flow into the cold aisles acts to limit the spread of
smoke from the cables in the subfloor.

•

Ceiling and ceiling plenum detection was effective at high sensitivity levels for the View and
TrueAlarm detectors at 30 ft spacing and the FAAST at 20 ft spacing. At medium sensitivity
spacings of 15 ft are effective.

•

For hot aisle confinement, ceiling spacing decreases to 20 ft for the View and TrueAlarm
detectors at the high sensitivity level.

•

Cold and hot aisle detection are both effective at the high sensitivity level at 20 ft for the View
and TrueAlarm and 10 ft for the FAAST. At medium sensitivity the View and TrueAlarm are
effective at 10 ft spacings.

•

CRAH detection was effective at the high sensitivity level for the View and TrueAlarm, but
generally ineffective for the FAAST.

6.1.4. Server Cabinet Sources
The following observations were made on smoke detector effectiveness when the smoke source is
located in the server cabinets:
•

CRAH detection performance was mixed. Generally detection occurred at the high sensitivity
settings; however, when the source was located in the centermost cabinets detection often did
not occur.
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•

With the smoke source in the cabinets, cold aisle detection was ineffective.

•

Hot aisle detection did occur at high and medium sensitivities; however, the smoke plume was
narrow and spacings of approximately 5 ft would be needed for a high likelihood of detecting the
smoke source.

•

With the exception of hot aisle enclosures, ceiling detection occurred at the high and medium
sensitivity with spacings of 15 ft.

•

With the exception of the no-subfloor geometries, ceiling plenum detection occurred at the high
and medium sensitivity with spacings of 15 ft.

6.1.5.

Summary

Detection was effective for all smoke sources for the low flow rate datacenter geometries. Provided the
detection was located in a region where smoke could reach it, detection at high sensitivity would be
expected with relatively large detector spacings. CRAH detection was not as effective as detection in
other locations. For flaming fires, detection was difficult to achieve at the incipient fire stage unless
detectors were on the ceiling and the source was not in an enclosure or if detectors were in the ceiling
plenum at a reduced spacing.
6.2.

High Air Flow

The high air flow rate simulations were run at power densities of 200, 600, and 1000 W/ft2. This
represents approximately 30 to 150 ACH for the 10 ft ceiling with subfloor geometries. These air flow
rates are significantly higher than most typical occupancies and would suggest the potential for dilution
of the smoke below detectable levels. The first portion of this section will discuss each smoke source in
high air flow conditions with the 10 ft ceiling and no recirculation. It will be followed by sections that
assess the impact of recirculation and ceiling height.
6.2.1. Class A Material Source
The following observations were made on smoke detector effectiveness for Class A fire smoke sources:
•

For the two larger fire sizes, CRAH detection generally occurred for all detectors at high
sensitivity and for the FAAST and TrueAlarm at medium sensitivity. For the incipient fires,
CRAH detection rarely occurred.

•

While detection in the enclosures would occur with hot or cold aisle enclosures, the high air flow
rate reduces the ability of the smoke to spread. Unlike the lower flow rates, detection distances
of 8 to 10 ft are required to give a high likelihood of detection. This can be seen in Figure 16
which shows cold aisle smoke for low and high air flows.

•

For the no-subfloor case and high air flow rates, smoke does not penetrate into the ceiling
plenum space for any fire location.

•

Detection in the ceiling plenum is effective for all subfloor geometries at high sensitivity for the
larger fire sizes; however, detection spacing is reduced from 30 ft to 20 ft. At medium sensitivity
performance is mixed with no detection seen in many cases. Cases with detection would require
spacings of 10 to 15 ft.

•

Ceiling detection results are similar to the ceiling plenum (for those cases were smoke can
reach the ceiling) as seen in Figure 17.
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Figure 16 – Cold aisle smoke for Class A material for low air flow (left) and high air flow (right).
Cold aisle is center portion.

Figure 17 – Ceiling (left) and ceiling plenum (right) for Class A fire with subfloor and no
enclosures at 1000 W/ft2. Note similar areas encompassed by high levels of soot.
6.2.2. CRAH Source
Detection of the CRAH smoke source was extremely challenging at the high air flow rates. No detection
was seen for the CRAH source using detection on the CRAH outlets. The required levels for detection
in the high speeds at the exit of the CRAH were too high for detection. Within the room, only the View
detector had success in detecting the CRAH smoke source. The smoke levels for the other two
detector types were not reached over any reasonable length scale (anything less than a 10 ft spacing
was considered impractical). Figure 18 shows a typical result for smoke levels in the subfloor. Levels
near 1 ppm were required for the TrueAlarm and FAAST detector at their highest sensitivity settings for
this smoke source.
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Figure 18 – Typical smoke levels for a CRAH smoke source at high air flow in the subfloor
6.2.3. Cable Tray Source
The following observations were made on smoke detector effectiveness when the smoke source was
located in the cable trays:
•

CRAH detection is ineffective for the cable tray sources. The smoke dilution that occurs is too
large.

•

Subfloor detection is possible at the high sensitivity levels; however, a spacing of 10 ft is
required for the View and TrueAlarm detectors and 5 ft for the FAAST. As noted in the low air
flow section, smoke is quickly removed from the subfloor into the cold aisle and this effect is
more pronounced at high air flows. This can be seen in Figure 19. The red region of 1 ppm
represents the FAAST high sensitivity and the green region is the high sensitivity of the other
two detector types.

•

For the no-subfloor geometry, there is detection at the high and medium sensitivity levels for the
ceiling. However, detector spacings of 10 ft are required for the TrueAlarm and View detectors
and 5 ft for the FAAST.

•

Detection at the high sensitivity can be done within cold and hot aisle enclosures, but it requires
detection spacing of 10 ft or less.

•

Detection on the ceiling (for non-hot aisle enclosure, subfloor geometries) and in the ceiling
plenum occurs at high sensitivity with a 15 ft to 20 ft spacing for the TrueAlarm and View
detectors. For the FAAST detector, detection requires much smaller spacing, 5 ft, to give a high
likelihood of detection.
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Figure 19 – Typical smoke levels for a cable tray smoke source at high air flow in the subfloor
6.2.4. Server Cabinet Sources
The following observations were made on smoke detector effectiveness when the smoke source is
located in the server cabinets:
•

CRAH detection is generally ineffective for both the cable and circuit board source. Only the
TrueAlarm responded at its highest sensitivity, and it did not respond for all the tested source
locations.

•

Ceiling detection for the no-subfloor geometry was not very effective. In many cases detection
either did not occur or required impractically small detector spacings. If only those cases where
detection (at high sensitivity) occurred with reasonable spacing are considered, the optimal
spacing would be 10 to 15 ft.

•

Detection did occur in hot aisle enclosures at high sensitivity (with no-recirculation there was no
detection possible in cold aisle enclosures). However, as observed in the low air flow results,
detection would need to be directly over the smoldering cabinet.

•

Ceiling detection for the subfloor geometries was not always effective. In some cases detection
either did not occur or required impractically small detector spacings, see Figure 20. If only
those cases where detection (at high sensitivity) occurred with reasonable spacing are
considered, the optimal spacing would be 10 to 15 ft.

•

Ceiling plenum detection for the subfloor geometries was not always effective. In some cases
detection either did not occur or required impractically small detector spacings. If only those
cases where detection (at high sensitivity) occurred with reasonable spacing are considered, the
optimal spacing would be 10 to 15 ft.
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Figure 20 –Smoke levels for two cabinet cable smoke sources at high air flow for the nosubfloor geometry showing no detection (left) and detection with ~10 ft spacing (right)
6.2.5. Ceiling Height
A small number of the high airflow cases were run with the room ceiling height increased from 10 ft to
20 ft. The impact of ceiling height was minimal. Slight reductions were seen in the areas of regions the
exceeded detectable levels. However, these reductions were minor and don’t change the conclusions
made in the prior sections.
6.2.6. 100 % Recirculation
The high airflow cases were run with 100 % recirculation for one class A fire location, the CRAH
source, and one set of 6 server cable fires. As might be expected, recirculation had a significant impact
on the detection of all smoke sources.
•

•

Class A Source
o

The FAAST and TrueAlarm detectors had incipient detection at high sensitivity at the
CRAH units. Previously only larger fires were detected.

o

Detection of larger fires at the ceiling and ceiling plenum occurred at a 30 ft spacing for
all detector types. Incipient detection was still not effective at the high air flow rates.

CRAH Source
o

Detection at the outlet of the CRAH units was achieved at the high sensitivity levels for
all detector types. Detection was rare without recirculation.

o

Ceiling and ceiling plenum detection was generally ineffective (if there was a response it
was generally only the View) without recirculation. With recirculation all detectors
responded at their high sensitivity levels. Spacings were 30 ft for the View and FAAST
and 20 ft for the TrueAlarm. This can be seen in Figure 21 where approximately 0.9 ppm
is required to achieve detection for all detector types.
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Server Source
o

The server sources did not see a significant improvement in the CRAH detection
locations. While there was a substantial increase in the smoke concentration, it was not
enough to achieve detection levels for all three detector types.

o

Detection at all other locations saw significant improvement. With recirculation detection
at subfloor, ceiling, and ceiling plenum locations was seen at the high sensitivity levels
for all detector types with spacings of 30 ft for the View and TrueAlarm detectors and 20
ft for the FAAST detector. Hot and cold aisle locations also saw improvements with
detection occurring over the extent of multiple aisles.

Figure 21 –Smoke levels for CRAH smoke source at high air flow for the cold aisle geometry at
the ceiling showing no recirculation (left) and 100 % recirculation (right)
6.2.7. Summary
The high air flow rates posed a noticeable challenge to detection as compared to the low air flow rates.
In the absence of recirculation the following conclusions are made for detector placement and spacing:
•

CRAH detection is generally ineffective at high airflow rates. A smoke source in a CRAH may
not reach detectable levels at the CRAH outlet and in-room smoke sources will likely be diluted
too much for CRAH detection at the CRAH inlet.

•

Subfloor detection is generally ineffective. The primary hazard one would wish to detect in the
subfloor are smoldering cables. At high airflow rates, smoke is swept into the cold aisles before
it has a chance to spread within the subfloor. While detectable levels exist, the spacing
requirements (a few feet) are not practical.

•

Detection within hot or cold aisle enclosures is ineffective over the broad range of sources. At
the high air flow rates, server cabinet sources have very narrow plumes within the hot aisle
enclosure. While Class A fires can see rapid detection within an enclosure for a fire in the
enclosure, fires outside the enclosure can see worse detection response then ceiling or plenum
mounted detectors.
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Detection on the ceiling or in the ceiling plenum can be effective. The preferred location
depends upon the air flow configuration (e.g. ceiling detection would not be effective if one
wished to detect server smoke sources with hot aisle confinement). Detection at these locations
will detect larger Class A fires at spacings of 20 ft and a sizeable fraction of smoldering sources
will be detected with spacings of 10 to 15 ft.

With 100 % recirculation, provided minimal filtration is performed, detectors placed anywhere in the
datacenter would be expected to eventually alarm provided the source lasted long enough to build up a
detectable concentration.
SUMMARY+ RECOMMENDATIONS

7.

FDS simulations to determine smoke detection response were performed for four datacenter
configurations: no-subfloor with supply from the ceiling plenum and subfloor supply with ceiling plenum
return for no-confinement, hot aisle confinement, and cold aisle confinement. Five smoke sources were
examined: smoldering cables within a CRAH, smoldering cables in a cable tray, Class A fires on the
main floor, smoldering cables within a server cabinet, and smoldering circuit boards within a server
cabinet. Each source type was tested in multiple locations within the datacenter. Additional study
variables included the airflow rate (based on power dissipations of 50, 100, 200, 600, and 1000 W/ft2),
the height of the datacenter main floor (10 ft and 20 ft), and whether or not the airflow was recirculated
or once-through.
The majority of the simulations were performed for the higher air flow rates (30 to 150 ACH). A small
number of simulations looked at the lower air flow rates typical of older, legacy facilities (7 to 15 ACH).
For the low flow rate facilities, analysis of the simulations made two primary conclusions:
1. Detection with a CRAH unit is generally ineffective.
2. Detection at any other location is effective provided there is a pathway for smoke to reach the
detector. This suggests the while subfloor and cold aisle detection would both detect subfloor
cable tray sources, since they would not detect smoke at any other location, that they are not an
optimal location for detection. Rather ceiling, ceiling plenum, or potentially hot aisle confinement
would be preferred detector locations.
For the high air flow simulations (30 to 150 ACH) the following primary conclusions were made:
1. Ceiling height changes from 10 ft to 20 ft have a minimal impact on detector spacing
requirements
2. CRAH detection (even with recirculation) is not effective for all smoke sources
3. With 100 % recirculation, detection at any location in the facility should eventually result in
detection if the source lasts for a long enough period of time.
4. In the absence of recirculation, subfloor detection and confinement detection are ineffective.
Smoke from many source types will not have an opportunity to spread laterally from the smoke
source.
5. Ceiling or Ceiling plenum detection are the most likely to detect smoke sources. Spacing
requirements in the absence of recirculation are 20 ft for flaming sources and 10 to 15 ft for
smoldering sources.
The following recommendations are made for future work:
•

•

Revisit the detection correlations to determine if an alternate approach to a fit might prevent the
determination of negative mass fraction to obtain a detection response and/or improve the
correlation at the lowest thresholds of detection.
Perform additional source testing for circuit board and foam sources to improve correlations
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Test additional types of detectors to extend the database of detection correlations. Given
enough detector types, development of a probabilistic correlation may be possible (e.g. a
correlation that gives an 80 % or 90 % odds of detection).
Look for opportunities to measure detection response in actual facilities.

8.
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