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FOREWORD
There is limited prior research related to protection of storage under ceilings with slopes steeper
than 2/12. Previous studies exist from FM Global, University of Maryland/Custom Spray
Solutions, the Fire Protection Research Foundation, and National Fire Sprinkler Association
(NFSA), but there are still many open questions related to the protection criteria for storage under
sloped ceilings. The questions include, but not limited to, sprinkler activation pattern relative to
fire source location, and optimal sprinkler installation orientation.
There are many different parameters related to this design challenge. Some of the key
parameters include the slope of the ceiling, the commodity being stored, types of sprinklers
(including ESFRs), sprinkler orientation, and sprinkler spacing. Some possible protection design
solutions to sloped ceiling facilities are to use higher densities or larger calculation areas than for
storage under flat ceilings.
Further modeling analysis will be beneficial in order to understand the potential protection
challenges related to sloped ceilings, and to determine the range of scenarios that should be
studied further through testing. The information from this work as well as information gathered
from testing could help inform the NFPA 13 requirements.
The Fire Protection Research Foundation initiated this project to ultimately determine the impact
of sloped ceilings on protection of storage and develop the technical basis for the NFPA 13
Technical Committees for new requirements and guidance. This report covers the first phase of
this project with the objective to develop a test plan based on the review of current range of typical
storage configurations and modeling.
The Fire Protection Research Foundation expresses gratitude to the report authors Kenneth E.
Isman, Stephen J. Jordan, Andre W. Marshall, and Noah L. Ryder, who are with Custom Spray
Solutions. The Research Foundation appreciates the guidance provided by the Project Technical
Panelists, the funding provided by the Property Insurance Research Group, and all others that
contributed to this research effort. Special thanks to FM Global who donated all resources
associated with the Phase 1 modeling. A separate FM Global report contains the results from
this modeling effort.
The content, opinions and conclusions contained in this report are solely those of the authors.

—— Page ii ——

About the Fire Protection Research Foundation
The Fire Protection Research Foundation plans, manages, and communicates research on a
broad range of fire safety issues in collaboration with scientists and laboratories around the world.
The Foundation is an affiliate of NFPA.

About the National Fire Protection Association (NFPA)
Founded in 1896, NFPA is a global, nonprofit organization devoted to eliminating death, injury,
property and economic loss due to fire, electrical and related hazards. The association delivers
information and knowledge through more than 300 consensus codes and standards, research,
training, education, outreach and advocacy; and by partnering with others who share an interest
in furthering the NFPA mission.
All NFPA codes and standards can be viewed online for free.
NFPA's membership totals more than 65,000 individuals around the world.

Keywords: storage protection, sloped ceilings, NFPA 13, automatic sprinklers,
warehouse protection, modeling
Report number: FPRF-2016-05

—— Page iii ——

—— Page iv ——

PROJECT TECHNICAL PANEL
Jarrod Alston, Arup
Craig Beyler, Jensen Hughes
Roland Huggins, AFSA
Russ Leavitt, Telgian
Ken Linder, Swiss Re
Jamie Lord, ATF
David Lowrey, City of Boulder Fire Rescue
Will Smith, CCI
Victoria Valentine, NFSA
Steve Wolin, Reliable Automatic Sprinkler
Matt Klaus, NFPA Staff Liaison

PROPERTY INSURANCE RESEARCH GROUP SPONSORS
AIG
CNA Insurance
FM Global
Liberty Mutual Insurance
Tokio Marine Management
Travelers Insurance
XL Gaps
Zurich Insurance Group

—— Page v ——

—— Page vi ——

Custom Spray Solutions

Technical Report

Research Plan for Sloped Ceiling Storage Protection

Prepared by Kenneth E. Isman, Stephen J. Jordan, Andre W. Marshall, and Noah L.
Ryder

Prepared for NFPA FPRF “Protection of Storage Under Sloped Ceilings –
Phase I” Project Technical Panel Review

November 2015

Custom Spray Solutions

Table of Contents
1. Overview .................................................................................................................... 1
1.1. Problem Statement ............................................................................................. 1
1.2. Objectives ........................................................................................................... 1
2. Findings ..................................................................................................................... 2
2.1. Introduction ....................................................................................................... 2
2.2. Synthesis ........................................................................................................... 2
2.2.1. Warehouse Configuration ..................................................................... 2
2.2.2. Commodity Description ......................................................................... 3
2.2.3. Sprinkler Protection ............................................................................... 3
3. Research Plan ........................................................................................................... 5
3.1. Topics ................................................................................................................ 5
3.1.1. Ceiling Construction Design Elements ................................................ 5
3.1.2. Sprinkler Installation Design Elements................................................ 6
3.2. Approach ........................................................................................................... 7
3.3. Tasks .................................................................................................................. 7
3.3.1. Case Specification ................................................................................. 7
3.3.2. Simulations ........................................................................................... 11
3.3.3. Full-Scale Test Matrix Determination ................................................. 11
3.3.4. Reporting` ............................................................................................. 11
4. Summary .................................................................................................................. 12
References .................................................................................................................... 13
Appendix A: Task 1 Review of Current Storage Configurations ........................... A1
A-1. Project Background and Objectives ........................................................... A1
A-2. Introduction ................................................................................................... A2
A-3. Approach ....................................................................................................... A3
A-4. Findings ......................................................................................................... A6
A-5. Summary ..................................................................................................... A21
Appendix B: Task 1 Survey Question Details .......................................................... B1
Appendix C: Task 1 Survey Distribution List .......................................................... C1

ii

Custom Spray Solutions

1. Overview
The Fire Protection Research Foundation (FPRF) has established a research project entitled
“Protection of Storage Under Sloped Ceilings” to address knowledge gaps related to the impact
of sloped ceilings on storage protection. Phase 1 of the project delivers a plan as a basis for
Phase 2 research. The Phase 1 research plan (discussed herein) is based on a review of current
storage configurations [1] conducted by Custom Spray Solutions (CSS) [2] and a numerical
modeling study of the principal effects of ceiling slope on suppression performance [3]
performed by FM Global using the computational fluid dynamics (CFD) code FireFOAM [4, 5].
The NFPA 13 technical committee will use the project findings to develop new protection
requirements and guidance.
1.1. Problem Statement
In the event of a fire, a sloped ceiling may alter ceiling smoke transport dynamics from those
expected along a conventional flat ceiling. The modified transport dynamics may affect
sprinkler activation times. The sloped ceiling may also alter sprinkler spray patterns depending
on sprinkler installation details (e.g. deflector orientation and/or standoff distance). These
modified transport dynamics may increase the suppression challenge through increased fire size
(due to delayed activation) and reduced water flux in the vicinity of the fire (due to modified
spray patterns, spray-plume interactions, and the potential for remote sprinkler activations
resulting in reduced water supply). It is not clear to what extent these modified dynamics may
affect the careful balance of commodity, room, and sprinkler system characteristics needed for
acceptable storage protection performance. Currently, there is insufficient empirical evidence to
develop suppression system design guidance in the sloped ceiling configuration [6,7]. A
research plan is needed to identify principal factors (and limits) governing suppression
performance in the sloped ceiling configuration providing a clear technical basis for the
development of NFPA13 design guidance.
1.2. Objectives
The principal objective of the Phase 1 FPRF project is to develop a research plan (for Phase 2).
This simulation focused research will be used to establish a focused full-scale test matrix for
Phase 3 fire testing that will inform NFPA13 committee decisions on specific design guidance
for sloped ceiling protection. The research plan was developed through
•

•
•
•

synthesizing findings from a sloped ceiling storage protection configuration study conducted
by CSS in Task 1 (provided as Appendices A – C) and preliminary sloped ceiling protection
numerical simulations conducted by FM Global in Task 2;
identifying topics in terms of protection design parameters that address knowledge gaps and
questions raised from the synthesized configuration and simulation study findings;
formulating approaches suitable for the research topics identified;
recommending tasks for a research plan based on the proposed approaches and topics.
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2. Findings
2.1. Introduction
While storage protection under sloped ceilings is a common concern for the fire protection
design and standards communities, minimal information regarding storage protection under
sloped ceilings is available. Because of this lack of information, guidance from both NFPA and
FM Global is necessarily conservative. Preliminary findings from the Phase 1 FPRF research
project entitled “Protection of Storage Under Sloped Ceilings”, consisting of a storage protection
configuration study (Task 1) and a sloped ceiling protection computational study (Task 2), are
synthesized to form the basis of a research plan (Task 3) to support improved guidance for
sloped ceiling storage protection.
In the storage protection configuration study [1], CSS collected survey information from over
100 respondents (e.g. Insurers, Owners, Authorities Having Jurisdiction, Designers and
Contractors) describing the warehouse (e.g. floor area, ceiling type and slope); the commodities
(e.g. class, storage configuration and clearance); and the protection strategy (e.g. sprinkler type
and orientation) to better understand sloped ceiling protection design challenges. In the
numerical simulation study [3], FM Global conducted a series of FireFOAM [5] numerical
simulations in a canonical sloped ceiling configuration (w/o walls having adjustable ceiling slope
and commodity height and clearance) to gain insight into the activation and spray delivery
transport dynamics governing suppression performance. These focused studies helped to
identify and prioritize critical issues and knowledge gaps requiring further study related to the
configurations and transport dynamics affecting protection performance.
2.2. Synthesis
2.2.1. Warehouse Configuration
Sloped ceiling storage protection survey data from 102 respondents revealed that full slope
ceiling types are most prevalent (62.7%), followed by sawtooth (27.7%), and partial slope (9.6%)
types. Ceiling slopes were relatively uniformly distributed from 2:12 (9.5°) to beyond 6:12
(26.6°) overall all building sizes reported (from 0 to over 100,000 sq. ft. (9,295 sq. m.)).
A limited number of simulations were conducted for determining sprinkler activation patterns
and times for a range of ceiling slopes based on specific storage configuration details
(commodity type, array size, ceiling clearance, sprinkler installation details, etc.) [3]. The
activation focused numerical simulations in the canonical configuration revealed that ceiling
slope resulted in delayed activation and skewed activation patterns at ceiling slopes of 6:12
(26.6°) and greater, especially for the SR/HT sprinklers. However, it should be noted that the
activation simulations involving QR/OT sprinklers show that ceilings up to and including 4:12
(18.4°) inclination have activation times and patterns similar to the flat ceiling configuration
(with the four sprinklers immediately adjacent to the fire source activating first).
The spray pattern focused simulations revealed that water delivery is significantly reduced with
increased ceiling slope. For example, it was determined in a fire plume that the 8:12 (33.7°)
2
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ceiling slope adversely impacts the water delivered to the fire primarily due to a highly skewed
activation pattern where the first four sprinkler activations occur upslope of the burning
commodity. In the 8:12 (33.7°) case, the water flux to the fire region is reduced by more than
54% compared to the horizontal ceiling case based on the first four sprinkler activations.
Additional conclusions from the spray pattern simulations are discussed in § 2.2.3 describing
protection strategy related analysis.
Numerical studies in the canonical configuration demonstrated the first-order impact of slope.
However, the effect of enclosing boundaries, purlins and girders (potentially obstructing ceiling
flows), and different sprinkler sizes and types were not considered. These effects need to be
explored in the most relevant ceiling types indicated from the survey (e.g. full slope, partial
slope, and sawtooth) to produce suitable information for general recommendations.
2.2.2. Commodity Description
The rack storage configuration was the most popular configuration (74%). The numerical
simulation reflected this challenging commodity configuration with a 2 x 2 x 3 plastic (CUP)
rack-storage array producing a growing fire with a maximum convective HRR of 15 MW for the
sprinkler activation studies and steady plumes (600 kW and 2.1 MW) for the sprinkler water
delivery studies. A ceiling clearance of 3.05 m (10 ft) to the midpoint of the ceiling was used for
these simulations. However, the effect of increasing the ceiling clearance to 6.1 m (20 ft) was
also explored producing slightly longer activation times (less than 10% for QR/OT and SR/HT
sprinklers) [3]. The focus should remain on suitable rack-storage commodities of similar
clearance although survey results indicate a higher commodity height beyond that of preliminary
simulations reporting a typical maximum storage height of 7.3 m (24 ft). While simulations
demonstrated minimal relative invariance to changes in clearance, guidance for clearance and
storage heights consistent with survey results need to be established in full-scale tests. The
survey also revealed the prevalence of rack storage and the lack of in-rack protection. The data
indicates that only 15% of the rack storage configurations use in-rack protection across the full
spectrum of ceiling heights, storage heights, and commodity stored.
2.2.3. Protection Strategy
Only 15% of the surveyed rack storage configurations use in-rack protection. Correspondingly,
85% of the surveyed rack storage configurations rely solely on overhead fire sprinklers with
ESFR sprinklers accounting for 32% of that number. The ESFR’s distinctively non-uniform
sprinkler spray pattern has the potential for increased sensitivity to ceiling slope and orientation.
Yet, this assertion is entirely speculative as the impact of these design elements has yet to be
established for conventional spray pattern sprinklers.
The numerical simulations of sprinkler activation performance comparing quick-response, low
temperature (QR/OT) and standard-response, high temperature (SR/HT) sprinklers demonstrated
that ceiling slope effects will change with sprinkler sensitivity as described in § 2.2.1. The
simulations also explored the effects of sprinkler orientation on spray delivery performance (but
only for ESFR spray pattern sprinklers) for various ceiling inclinations. As the ceiling
inclination increased (esp. with the 2.1 MW fire plume present and focusing on four activated
sprinklers), the water flux to the top of commodities including the fire source and pre-wetting
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region was found to reduce when the sprinkler deflectors were kept parallel to the ceiling (25%
for the 6:12 (18.4°) and 49% for the 8:12 (33.7°) ceilings). On the other hand, as the inclination
was increased, the parallel-to-the-floor orientation could maintain a fairly constant water flux to
the fire region when compared to the flat ceiling simulation for these specific simulation
parameters (standoff distance, sprinkler type and size, etc.).
As previously described, sprinkler sensitivity was determined to be a factor affecting the impact
of ceiling slope on activation performance for the warehouse configurations, commodity
descriptions, sprinkler installations, and fire scenarios reflected in the simulation cases.
Considering the significant effects of deflector orientation on water flux described for similar
delivery focused simulations, the orientation parallel to the floor appears to consistently provide
higher water flux to commodities than the orientation parallel to the ceiling. It should be noted
that the activation, delivery, and ultimately suppression performance may be affected by other
important sprinkler design factors beyond the scope of these preliminary simulations. These
details will be more carefully considered and explored in the Phase 2 research recommendations
described in the following section.
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3. Research Plan
Research plan topics have been identified based on priorities, gaps, and questions resulting from
the findings in the survey and numerical studies (§ 2). These topics focus on aspects of the
protection system design related to ceiling configuration and sprinkler installation. A research
plan approach incorporating detailed numerical simulations, laboratory tests, and full-scale tests
is also proposed. The proposed research plan based on the topic and approach recommendations
is organized into specific tasks described in the following. General Phase 2 guidance is provided
in Topics described at the end of each design element discussion in § 3.1.1 and a summary of
Phase 2 guidance is included in Tasks described in § 3.3.1.
3.1. Topics
3.1.1. Ceiling Configuration Design Elements
The survey and numerical simulations suggest that further investigation is required to provide
storage protection design guidance accounting for ceiling type (e.g. full slope, partial slope or
sawtooth), dimensions (e.g. slope and peak height), construction details (e.g. purlins and girders),
and protection strategy (e.g. sprinkler type, size, orientation, and installation).
Ceiling Type

Preliminary numerical studies focused on an unbounded ceiling while performing a parametric
study focused on the effect of ceiling slope to identify the impact of ceiling slope on
performance. Additional simulations and full-scale tests need to be conducted in order to
determine the extent to which preliminary conclusions may be applied to real ceiling types.
Based on the survey results, Phase 2 efforts will focus on the full slope configuration. The full
slope configuration accounted for almost 63% of all sloped ceiling configurations reported in the
survey.
Ceiling Dimensions

The effect of ceiling slope has been explored extensively in the preliminary numerical study in
an unbounded configuration (without end walls). A bounded space has the potential to produce a
dramatically different suppression scenario. Bounded spaces with sloped ceilings are
distinguished by end walls and ridges (or peaks). Potential differences between suppression
behavior in unbounded and bounded spaces may occur not so much due to the presence of end
walls, but due to the presence of ridges (or peaks). For example, heat may collect at the ceiling
ridge in a configuration with end walls and remote sprinkler(s) may activate first, reducing the
available water supply, potentially cooling the area near the fire, and delaying or preventing
sprinkler activation in the vicinity of the fire. Further, the fire may significantly increase in size
prior to activation increasing the fire challenge presented to sprinklers [6]. The impact of ceiling
ridge height in configurations with end walls needs to be incorporated into future simulations to
determine how activation and the associated suppression performance is affected. The
importance of this effect will depend on the size of the protected space. Relevant ridge
configurations may be determined from protected areas reported in Figs. A.6 – A.8.
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Ceiling Construction Details

Ceiling construction features such as purlins, girders, and bar joists are common. These ceiling
construction details may obstruct the transport of smoke along the ceiling or obstruct the
transport of spray from reaching the protected commodities potentially impacting activation and
delivery behavior from that expected in a smooth ceiling. Before making general sloped ceiling
recommendations, it would be prudent to perform additional analysis considering ceiling
obstructions (e.g. purlins) while leveraging available relevant flat ceiling fire test data.
3.1.2. Sprinkler Installation Design Elements
Preliminary research activities point toward further research on the effects of 1) sprinkler type; 2)
sprinkler orientation; and 3) sprinkler standoff distance. It should be noted that these sprinkler
installation topics yield themselves to exploration in the simplified unbounded configuration
focusing on activation time and spray delivery separately (similar to the Phase 1 preliminary
numerical simulation approach).
Sprinkler Type

The sprinkler type design element describes the sensitivity of the sprinkler (e.g. QR/OT, SR/HT),
the spray pattern of the sprinkler (e.g. ESFR, CMSA, CMDA), and the size of the sprinkler (i.e.
K-factor). The numerical simulations have already explored the relative impact of ceiling slope
on activation time behavior for different sprinkler sensitivities. The relative suppression
performance impact of further sloped ceiling configuration details with varying sprinkler
sensitivity needs to be considered. Preliminary numerical simulations also demonstrated sloped
ceiling effects on spray patterns for an ESFR sprinkler. While ESFR sprinklers are used in many
of the surveyed storage applications (32%), the conventional sprinkler (68%) deserves attention
to determine if specific design guidance is required based on sprinkler type. The suppression
performance of ESFR and conventional sprinklers may respond differently to ceiling slope due
to their distinctive spray patterns affecting the percentage of water impacting the ceiling or
interactions with the fire plume. ESFR and conventional sprinklers may also respond differently
to changes in orientation and construction details. Because of the suppression performance
sensitivity to spray pattern, ESFR and conventional sprinklers (esp. upright sprinklers) should be
considered for the Phase 2 sloped ceiling study.
Sprinkler Orientation

The numerical simulations clearly demonstrate the advantages of sprinkler installations parallel
to the floor over those parallel to the ceiling; however, before results are generalized there is a
need to evaluate sprinkler orientation effects for both conventional and ESFR sprinklers for
development of a full-scale test matrix and to understand the impact of other parameters such as
standoff distance.
Standoff Distance

Preliminary numerical simulations did not consider standoff distance variations. The maximum
allowable value of 13 in. (0.33 m) for the K14.0 gpm/psi0.5 (K200 lpm/bar0.5) sprinkler was used
for all simulations. The standoff distance may have unexpected effects on delivery (from that of
a flat ceiling) and ultimately suppression performance according to sprinkler installation factors
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such as sprinkler orientation, sprinkler type, and ceiling configuration such as slope or
construction details.
3.2. Approach
Developing robust protection guidance requires thorough evaluation of the important design
considerations for sloped ceiling fire scenarios as described in § 3.1. To study the combined
effect of these design elements, numerous cases would be required making an exclusive fullscale testing program prohibitively expensive. Instead an approach is recommended where the
design element parameter space is explored via detailed numerical simulations to inform fullscale tests, improving testing focus while eliminating costly test iterations. Exploring the design
element parameter space with simulations is sure to provide useful insight. At the same time, it
will be important to keep the Phase 2 deliverable of establishing a well-vetted focused full-scale
test matrix in mind as the various effects of design elements are explored.
The numerical simulations should follow an approach similar to the preliminary numerical
simulations conducted in Task 1 of the Phase 1 project. Activation and delivery performance
should be considered separately in simplified unit problems focusing on activation time and
spray delivery metrics respectively. These unit problems would focus on the specific design
elements outlined in § 3.3.2. It should be noted that laboratory measurements of sprinkler spray
characteristics are needed for initialization of the sprinkler spray in numerical simulations,
especially those exploring sprinkler type effects.
Numerical simulations should also be conducted evaluating the compound effects of sprinkler
activation and spray delivery responsible for fire suppression performance (also similar to the
approach used by FM Global in Phase 1 [3]). These simulations would focus on evaluating the
relative water delivery performance under the challenge of a growing fire. These combined
effect simulations would increase confidence in the performance of designs chosen for the fullscale validation tests.
3.3. Tasks
The research recommendations include tasks for 1) Case Specification; 2) Suppression
Simulations; 3) Full-Scale Test Matrix Determination; and 4) Reporting to be completed in one
year as outlined in the schedule provided as Table 1. Completion of these tasks will produce
evidence-based recommendations for sloped ceiling storage protection design guidance.
3.3.1. Case Specification
The survey and preliminary simulation findings identified several ceiling configuration and
sprinkler installation topics of interest to evaluate design elements impacting suppression
performance for sloped ceiling storage protection. The effects of these design elements on
suppression performance may not be independent.
An example multifactorial study is described in Table 2 spanning an extensive parameter space.
The first column in Table 2 lists the topic areas to be explored. The symbols highlight one or
more design elements to vary for a given topic focus with one influence element being of course
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Table 1: Task list and one-year schedule for recommended Phase 2 research.
Task

Schedule
1

2

3

4

5

6

7

8

9

10

11

12

1. Case Specification

2. Simulations

3. Full-Scale Test Matrix

4. Reporting

the topic focus (marked with solid symbol). While extensive, the additional elements for the
multifactor analysis are selected based on limited engineering judgments, and therefore not
exhaustive.
It should also be noted that the second row (grey) describing the potential
compound effect of ceiling type and ceiling dimensions is redundant and only included for
formatting consistency. Figure 1 is provided to help visualize the example parameter space. The
design elements are named on the left of Figure 1, while the specific design element
specifications are enumerated. Note that ‘N’ design element details/dimensions are specified for
each design element spanning the desired design element parameter space. Finally, two unique
research topic areas are highlighted in (red) and (green) in Figure 1 to illustrate the extensive
parameter space described in select Table 2 rows designated as Ceiling Configuration Type
(CTPi and CDMi multifactor elements) and Sprinkler Standoff Distance (CDMi and SSDi
multifactor elements), respectively.
While this extensive parameter space would provide a wealth of information for understanding
the effect of sloped ceilings on suppression performance, exploring it would be impossible with
full-scale testing as discussed in § 3.2. It should be noted that with the resources likely available
for the Phase 2 study, exploring this extensive parameter space is also expected to be impractical
even for a simulation study. Nevertheless, the benefits of exploring a larger parameter space in
simulations for focusing full-scale test efforts are clear. Therefore, based on the Task 1 Survey
(Appendices A – C) and the Task 2 numerical study [3] guidance for specifying conditions and
parameter space constraints and details for the Phase 2 simulation are summarized in Table 3. It
should be noted that a number of design elements relevant to defining the simulations are
reported in Table 3, but the 5 bolded design elements (Ceiling Configuration Dimensions,
Ceiling Configuration Construction Details, Sprinkler Spray Pattern, Sprinkler Orientation, and
Sprinkler Standoff Distance) will be the primary focus of the Phase 2 simulation activities.
Information regarding the simulation case details is provided in Table 3. Further decisions
regarding simulation case details will be determined through discussions with the modeling
team; available CFD code and computational resources; and available funding resources for the
Phase 2 project.
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Table 2: Extensive parameter space considering possible multifactorial effects of sloped
ceiling design elements. Refer to Figure 1 for design element details. Solid symbols
indicate topical design element to be explored. Open symbols indicate possible coupled
design element effects; (grey) items represent redundant simulation parameter space.
Sloped Ceiling Storage Protection Design Elements
Ceiling Configuration

Research Topics
Type

Dimensions

Sprinkler

Construction
Details

Type

Orientation

Standoff
Distance

Type
Ceiling
Configuration

Dimensions
Construction
Details
Type

Sprinkler

Orientation
Standoff
Distance

!

!

Simulations for Configuration Type Topic
Configuration
Type

Configuration
Dimensions

Configuration
Construction
Details

Sprinkler
Type

Sprinkler
Orientation

Sprinkler
Standoff
Distance

!

(SSD1 )

(SOR1 )

(SSD2 )

(CDM1 )

(CCD1 )

(STP1 )

(CTP2 )

(CDM2 )

(CCD2 )

(STP2 )

(CTP1 )

(CTPN )

(CDMN )

(CCDN )

(STPN )

(SOR2 )

(SSDN )

Simulations for Sprinkler Standoff Distance Topic

Figure 1: Illustration of design elements spanning the extensive simulation parameter
space described in Table 2; (red dashed region) corresponds to Table 2 Configuration
Type Topic parameter space; (green dashed region) corresponds to Table 2 Standoff
Distance Topic parameter space.
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Table 3: Phase 2 simulation specification, parameter space constraints, and considerations;
sloped ceiling protection design element focus topics bolded.
Type

Phase 2 simulations will focus exclusively on full-slope
configuration based on survey results.
o

Phase 2 simulations, a 6:12 (26.6 ) slope provides a
reasonable upper limit for slopes of interest as preliminary
Dimensions
simulations show significant decrease in performance at this
slope and higher.

Ceiling
Configuration

Phase 2 simulations should include infinite slope
configuration and a local ridge/peak configuration (ridge
details determined from floor areas reported in Figs. A.6 –
Construction
A.8).
Details
Phase 2 simulations will also explore purlins in order to
provide more complete protection guidance for sloped
ceilings (purlin details to be determined).
Phase 2 simulations will employ a 2 x 2 x 5 plastic (CUP)
Storage
rack-storage array based on survey results indicating that
Configuration
typical storage heights were approximately 24 ft. (7.3 m).

Commodity
Configuration

Storage Phase 2 simulations should explore clearances between 10
Locations/ – 20 ft. (3.0 – 6.1 m). This range was explored in preliminary
Clearances simulations and is also consistent with survey results.
Phase 2 simulations should continue to evaluate activation
performance of QR/OT and SR/HT sprinklers as their
Sensitivity
separate analysis does not significantly impact the
computation resources required.

Type

Phase 2 simulations will include one ESFR, CMSA, and
Spray CMDA sprinkler (a total of 3) to determine if their
Pattern suppression performance may be uniquely impacted by
slope. Including an upright sprinkler is of particular interest.
Phase 2 simulation sprinkler size and spacing should be
specified according to commodity and sprinkler type with an
1/2
Size emphasis on larger sprinklers (>20 GPM/PSI ) where
corresponding test data is available in flat ceiling
configurations.

Sprinkler
Installation

Phase 1 preliminary simulations have clearly demonstrated
the improved suppression performance of the sprinkler
orientation parallel to the floor. Phase 2 simulations will
focus on demonstrating this improved
performance for
different sprinkler types to ensure that the parallel to floor
Orientation orientation is universally superior in the sloped ceiling
configuration.
Phase 2 simulations will also establish appropriate full-scale
test conditions to evaluate potential suppression
improvements in the parallel to floor orientation for sloped
ceiling sprinkler installation guidance.
Phase 2 simulations will evaluate suppression performance
at standoff distances recommended for flat ceiling to
Standoff
determine if the ceiling slope materially affects water delivery
Distance
and if additional standoff distance may be required to reduce
spray impingement on the ceiling slope.
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3.3.2. Simulations
The numerical simulations recommended for Phase 2 research provide an opportunity to
establish high caliber examples of best practices for suppression simulations. These examples
are important to establish quality benchmarks for fire simulations not only in support of
establishing design guidance for codes and standards, but also for increasingly popular
performance based design.
High fidelity CFD simulations should be conducted according to simulation cases specified in
Section § 3.3.1. Suppression performance should be evaluated in terms of activation, delivery or
combined activation and delivery unit problems similar to the approach used with FireFOAM in
the preliminary Phase 1 studies as described in [3] and § 3.2. It will be important to use
appropriate numerical representations of the various sprinklers when exploring the Sprinkler
Spray Pattern Design Element. These representations should be obtained through detailed
measurements of the initial spray pattern that account for spatial variations in spray
characteristics [7, 8].
FireFOAM is recommended for the Phase 2 simulation effort because of its successful
implementation in Phase 1, previous validation for suppression applications, and continuity
between the Phase 1 and Phase 2 studies. CSS will perform Phase 2 simulations supported by
the researchers at FM Global who have extensive FireFOAM experience. The FireFOAM
experience and computational resources in Prof. Marshall’s research team will also be leveraged
for Phase 2 activities.
As previously mentioned, the simulations will be supported by detailed measurements of the
initial spray pattern for input specification. The simulations for evaluating the impact of
sprinkler orientation and standoff distance effects on spray patterns may also be supported by
laboratory experiments for simulation method guidance, validation, and further insight.
3.3.3. Full-Scale Test Matrix Determination
The simulations will be evaluated to establish a full-scale test matrix, typically consisting of no
more than a handful of fire tests. The final design elements defining each fire test will be
specified after a review of the recommended simulation study discussed in § 3.3.1 and § 3.3.2.
It will be important to consider the resulting full-scale test matrix in the context of any available
flat ceiling data. Significant numbers of full-scale fire tests have been performed under flat
ceilings in the past that can be used as a comparison for baseline purposes [9,10]. A central
design issue for the sloped ceiling protection challenge is sprinkler orientation. Answering the
critical question of optimal sprinkler orientation (i.e parallel to the floor or parallel to the ceiling)
will certainly be a major focus of the full-scale tests. This full-scale test data is required before
any reliable design guidance can be provided.
3.3.4. Reporting
The reporting will consist of well-defined test requirements for full-scale testing along with a
plan for using the results for NFPA13 technical committee recommendations and design
guidance.
11
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4. Summary
Research plan recommendations are presented for a subsequent Phase 2 Fire Protection Research
Foundation study focused on sloped ceiling storage protection. The Phase 2 research should
•

focus on topics addressing protection design questions related to ceiling
configuration and sprinkler installation design elements, most importantly those
associated with sprinkler orientation, ceiling dimensions (e.g. slopes), and ceiling
construction details (e.g. ridges and purlins).

•

perform suppression focused fire simulations over a one-year period utilizing
industry leading best practices (e.g. sprinkler initialization by laboratory spray
measurements and FireFOAM fire simulation software) and addressing focus
topics previously mentioned;

•

formulate a full-scale test matrix to provide specific actionable guidance to the
NFPA13 technical committee for sloped ceiling storage protection.
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A-1. Project Background and Objectives
The National Fire Protection Association (NFPA) Fire Protection Research Foundation (FPRF)
“Protection of Storage Under Sloped Ceilings” project seeks to address knowledge gaps related
to the impact of sloped ceilings on storage protection. The findings from this research will be
used to support the NFPA 13 technical committee in their development of new protection
requirements and guidance. Phase 1 of the project is focused on the development of a Phase 2
test plan. The proposed test plan deliverable will be based on a Phase 1 review of current storage
configurations conducted by Custom Spray Solutions (CSS) [A1] and a Phase 1 numerical
modeling study of the principal effects of ceiling slope on suppression performance performed
by FM Global using the computational fluid dynamics (CFD) code FireFOAM [A2,A3]. The
updated interim report describes the Phase 1 CSS effort to identify typical storage configurations
in support of establishing guidance for the Phase 2 test plan.
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A-2. Introduction
In contrast to the flat ceiling configuration, a sloped ceiling allows smoke to ‘elude’ sprinklers
nearest the fire while traveling ‘far’ away from the fire area before sprinkler activation. This
simple change to the smoke transport dynamics may critically alter the fire-room-sprinkler
system dynamics from that found in the conventional flat ceiling configuration. Heat may
collect at a high point as shown in Figure A1and remote sprinkler(s) may activate first, reducing
the available water supply, potentially cooling the area near the fire, and delaying or preventing
near-fire sprinkler activation. Further, the fire may significantly increase in size prior to nearfire sprinkler activation increasing the fire challenge presented to these devices.
Recognizing the complex system dynamics that may unfold in the sloped ceiling configuration,
there is a lack of clear guidance on how to design fire sprinkler systems with sloped ceilings.
Large-scale suppression tests with sloped ceilings are not readily available [A4]. Even at smalland intermediate-scale, only a few experimental suppression studies have been conducted with
sloped ceilings [A5,A6]. The empirical evidence needed to develop suppression system design
guidance simply does not exist. As part of the effort to develop a test plan in support of
establishing this guidance, CSS set out to determine the typical sloped ceiling storage protection
configurations used in practice to provide focus for the Phase 2 test plan.

Figure A1: Basic layout of sloped ceiling fire-sprinkler arrangement (half-structure).
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A-3. Approach
In order to acquire information about typical sloped ceiling storage protection configurations,
several types of sources were explored. These sources included domestic and international
sprinkler design standards, census data, and stakeholder resources. While these sources provided
useful general information on types of storage configurations and typical sprinkler design
strategies, very little specific information was collected on actual protection approaches used in
the sloped ceiling storage configuration. In order to acquire relevant specific configuration
information, a survey approach was adopted.
While the standards proved useful in providing general information regarding protection
strategies for the sloped ceiling storage configuration, the survey proved useful in acquiring more
specific information about the types of sloped ceiling protection challenges that are actually
encountered by stakeholders. Careful consideration was also given to the survey distribution in
order to capture data from a large number and wide range of stakeholders.
A-3.1 Standards
Currently, there is very little guidance in NFPA standards or other international sprinkler design
standards on how to handle sloped ceiling situations. When focusing in on storage occupancies,
there is even less specific guidance on how to handle protection for commodities stored under
sloped ceilings. Guidance provided by three sets of standards were explored which include
NFPA 13, FM Global Data Sheets, and European Union standard EN 12845 to better understand
the extent of current guidance for sloped ceiling storage protection configurations and to provide
context for the survey information reflecting actual design practices.
A-3.2 Survey
The survey was designed to capture information in four main topic areas: Respondent
Information; Warehouse Information; Commodity Information; and Protection Strategy. In
addition to these primary topic areas an initial question asking the respondent whether they had
experience with sloped ceiling fire protection was asked as a gatekeeper, if the response was
“No” then respondents survey was ended. Lastly a final question was asked of respondents
whether they were aware of any fires in the warehouses identified as containing sloped ceilings
and protected with sprinklers and what the outcome was. The survey was designed to capture
information on a single sloped ceiling scenario. It was debated whether to allow flexibility to
capture all the scenarios that a respondent may have encountered, however it was decided that
for analytical purposes that each response should focus on a single scenario. The detailed list of
survey questions and a summary of responses is provided in Appendix B.
The survey was intentionally designed to guide the user through questions in a logical manner
that follows the overall building suppression philosophy and construction. The survey was
organized into a number of discrete sections each addressing a specific topic
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Figure A2: Suppression strategy survey logic.

area. Additionally, the logic depicted in Figure A2 was added to the survey so that based on the
user response to a question the user would be guided to the appropriate follow-up question
without any extraneous questions. There was an intense focus on streamlining the survey
questions and including only the most relevant questions to the topic of sloped ceiling protection,
however a number of questions allow for detailed explanations and open-ended responses in the
event that the respondent wished to provide additional information. This approach allowed for a
respondent to complete the survey in a short period of time, less than five minutes, and
encouraged the highest level of participation. Survey details are provided in the following
discussion.
A-3.2.1 Respondent Information
A standard set of respondent information was requested; however, providing this information
was optional. If provided and sufficient information, collected the respondent information can
provide key information on the parties who are most frequently aware of and associated with the
sloped ceiling issue. The respondent was requested to provide the role in which they have
encountered the sloped ceiling fire protection problem as well as basic contact information if
they chose. The potential roles of the respondent were: Insurer, Owner, Authority Having
Jurisdiction (AHJ), Designer, and Contractor/Installer.
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A-3.2.2 Warehouse Information
The section on warehouse information gathered basic information on the structure of the
warehouse. Specifically the respondents were prompted to select the type of sloped ceiling as
well as the ceiling slope and building area. For simplicity predefined ranges of ceiling slope and
building area were provided for the respondents. Ceiling slopes were categorized into 4
predefined ranges with an additional option for “Unknown”. Building area was similarly
categorized into 4 ranges with “Unknown” being a fifth choice.
A-3.2.3 Commodity Information
The commodity classification section collected information about which commodities were
stored in the subject warehouse and in which configuration. In this case, the question allowed for
multiple selections for commodity classification as many warehouses do not store a single type
of commodity. Options for Class I-IV Commodities, Group A Plastics, Flammable and
Combustible Liquids, and Aerosols were provided. The method of storage is also critical and the
options provided for configuration are: Rack, Palletized, Solid Piled, Bin Box, Shelf, and Backto-Back Shelves. Finally the minimum ceiling height and maximum storage height were
collected and respondents were permitted to enter their own values for these parameters. The
combination of minimum ceiling height and maximum storage height can be used to estimate the
minimum clearance between the top of the storage and the lowest part of the ceiling.
A-3.2.4 Protection Strategy
The protection strategy section guides the respondent through the set of potential questions
related to the protection philosophy adopted for the structure. Logic is applied to ensure that only
relevant questions are asked based on the prior response. Figure A2 shows the logic path
employed based on the respondents response to the question on Ceiling Treatment.
A-3.2.5 Loss History
The final section allows for the respondent to provide any information they have with fire losses
occurring in a warehouse space. Specifically they are requested to provide information related to
configuration of the warehouse, the performance of the protection system, and the loss associated
with the event. If the fire loss information is not captured by the earlier responses then the
respondent may provide the specifics.
A-3.2.6 Distribution
The electronic survey was distributed to a broad range of potential respondents via email. A
distribution list for the survey was developed from the project team’s contacts in the fire
sprinkler research field including designers of fire sprinkler systems, fire protection engineers
working for building owners, code enforcement authorities, and insurance industry
representatives interested in fire protection, loss control, and risk management. The survey
request and link was also distributed via LinkedIn. A more detailed distribution list is provided
in Appendix C.
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A-4. Findings
The Phase I effort to review typical sloped ceiling storage configurations revealed information in
the areas of current standards and practices domestically and internationally; construction details;
storage configurations; and sprinkler installation details. Several standards were examined and a
total of 269 survey responses were received. A review of the results flagged a number of
responses as spam and as such they were removed from the responses. The remaining 102
responses evaluated were from a wide range of stakeholders as summarized in Figure A3.
100%
80%
61%
60%
40%
20%

11%

16%

22%

15%

0%
Insurer

Owner

Authority Having
Jurisdiction (AHJ)

Designer

Contractor/Installer

Figure A3: Stakeholder respondents.

A-4.1 Standards and Guidance
Currently, there is very little guidance in NFPA standards or other international sprinkler design
standards on how to handle sloped ceiling situations. When focusing in on storage occupancies,
there is even less specific guidance on how to handle protection for commodities stored under
sloped ceilings. Three sets of standards, NFPA 13, FM Global Data Sheets, and European Union
standard EN 12845 were evaluated in this analysis [A7-A11].

A-4.1.1 NFPA 13
A-4.1.1.1 Discharge Criteria
Section 11.2.3.2.4 of NFPA 13, Standard for the Installation of Sprinkler Systems, requires that
light, ordinary, or extra hazard occupancies with sloped ceilings (where the ceiling slope exceeds
2 in 12) increase the design area of the sprinkler system by 30%. This requirement has been in
NFPA 13 since the 1996 edition, but there is very little documentation on how the committee
determined the 30% value or why it was not extended to storage occupancies.
In the Report on Proposals for the 1996 edition of NFPA 13, the committee first raised the
concern about additional sprinklers opening under sloped ceilings in Proposal 13-130 (a revision
to then section 5-2.3.2.3) [A12]. The committee increased the design area by 30% and provided
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the following substantiation:
“Steeply sloped surfaces (greater than 2 in. in 12 in.) are likely to skew the expected
operating pattern of sprinklers in the design area. Collection of heat from the fire is likely
to accumulate near the peak and operate sprinklers, which are remote from the fire.
Sprinklers are not extensively tested under pitched surfaces. In order to avoid over taxing
the system during such an event, this additional design feature will help to insure that the
system can handle this hydraulically.”
The committee unanimously adopted this language with a vote of 27 – 0. At this time, the
committee responsible for NFPA 13 did not have jurisdiction over storage occupancies, and the
committees that did have jurisdiction over storage occupancies chose not to make a similar
change to their documents, so this change was limited to NFPA 13 and light, ordinary and extra
hazard occupancies.
During the public comment period for the 1996 edition of NFPA 13, the committee was asked by
James Retzloff (in Comment 13-135) of The Viking Corporation to reverse this decision based
on the fact that it was not justified [A13]. The committee rejected this comment with the
following substantiation:
“The Committee's prior substantiation is based upon UL test data which shows that a
greater number of standard spray sprinklers may be expected to operate when ceiling
slope exceeds 2 in. per ft. Factory Mutual research which has modeled performance of
sprinklers under sloped surfaces indicates that marginal delays in systems operation are
possible.”
The UL test data and Factory Mutual research that the committee refers to in this substantiation
are not exactly clear, but the committee did evidently review some information in coming up
with this 30% increase. The committee was balloted and passed this comment by a vote of 26-1.
The one negative ballot was by Rolf Jenson and it was not clear why he voted that way since the
points he raised on his ballot only deal with area reductions for quick response sprinklers, which
was not the subject of this change.
During the 1999 reorganization of the NFPA standards, the committee responsible for NFPA 13
was given jurisdiction for protection of storage occupancies [A14]. At that time, the committee
adopted a new section at the beginning of each of the portions of the standard applying to storage
occupancies that read,
“The following criteria is intended to apply to buildings with ceiling slopes not exceeding
2 in 12 (16.7%).”
The committee’s substantiation for doing this was editorial. Evidently, the committee did not
want the reader to imply that the 30% increase that applied to light, ordinary, and extra hazard
also applied to storage occupancies.
In subsequent editions of NFPA 13 (2002, 2007, 2010, and 2013), the rules have remained the
same, with nobody even requesting to eliminate or change the requirements. They have been
accepted by NFPA 13 users, even though there is concern that they are too stringent. The 30%
increase for light, ordinary and extra hazard occupancies is now in section 11.2.3.2.4. The
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requirement to limit the protection criteria for storage occupancies to buildings with a ceiling
slope of 2 in 12 or less is in section 12.1.2. These sections are not likely to change in the
upcoming 2016 edition of the standard, although the final actions on that document have yet to
be made at the writing of this report.
A-4.1.1.2 Installation Criteria
Sections 8.6.4.1.3 and 8.6.4.2 of NFPA 13 contain the installation requirements for sprinklers
under sloped ceilings. Together, these sections require the sprinklers to be installed parallel to
the slope except for the sprinkler under the peak, which is permitted to be installed parallel to the
floor. The sprinkler at the peak also needs to be within 36 inches of the peak vertically. It
should be noted that sections 8.6.4.1.3 and 8.6.4.2 only apply to standard spray upright and
pendent sprinklers. Since there are no discharge criteria for using these types of sprinklers in
storage occupancies with sloped ceilings, these criteria should only be used with standard spray
sprinklers protecting light, ordinary or extra hazard occupancies. There are no specific
installation criteria for large drop or ESFR sprinklers in NFPA 13 under sloped ceilings because
these sprinklers are specifically designed for use in storage occupancies and there are no
discharge criteria in NFPA 13 for using these sprinklers in storage occupancies with sloped
ceilings.
There have been discussions regarding the installation of sprinklers under a slope parallel to the
floor rather than parallel to the ceiling, but those discussions have not produced a clear reason to
change NFPA 13 to date. For example, Custom Spray Solutions (CSS) and NFSA performed a
preliminary modeling study to explore sloped ceiling effects on sprinkler activation [A15].
Ceiling configurations with slopes greater than 2 in 12 were explored with limited impact on
activation. While this study was narrow in scope, it was a first step in computationally exploring
the sloped ceiling storage protection issue in greater detail with an expanded parameter space and
deeper analysis.
A-4.1.2 FM Global
FM Global addresses sprinkler protection criteria in many different documents. Three of these
documents contain specific information about protection of occupancies with sloped ceilings as
follows:
1. Data Sheet 2-0 – Installation Guidelines for Automatic Sprinklers
2. Data Sheet 3-0 – Hydraulics of Fire Protection Systems
3. Data Sheet 8-9 – Storage of Class 1, 2, 3, 4 and Plastic Commodities
A-4.1.2.1 Data Sheet 2-0
In Data Sheet 2-0, Installation Guidelines for Automatic Sprinklers, FM Global has protection
criteria for sprinklers under sloped ceiling for both storage and non-storage occupancies.
Sections 2.1.1.6, 2.1.3.2.1, and 2.1.3.2.4 apply to non-storage occupancies and sections 2.2.1.6,
2.2.3.1.2 and 2.2.3.4 specifically apply to storage occupancies.
FM Global describes its slopes in degrees rather than in units of rise and run like the NFPA. For
comparison purposes, a slope of 5 degrees is roughly equivalent to a 1 in 12 slope, 10 degrees is
roughly equivalent to a 2 in 12 slope, and 20 degrees is roughly equivalent to a 4 in 12 slope.
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Section 2.1.1.6 basically allows sprinklers to protect non-storage areas under slopes up to 10
degrees with the normal discharge criteria. For non-storage situations where the ceiling slope
exceeds 10 degrees, but does not exceed 20 degrees, sprinklers can be used as long as the system
design meets the rules for dry-pipe systems. Presumably, this just means that the hydraulic
calculations need to meet the larger water supply required for a dry-pipe system, not that the
system physically needs to be a dry-pipe system, but the actual language of the Data Sheet is not
clear on this subject. If the situation exceeds a slope of 20 degrees, the user is given three
options:
1. Limit the length of the portion of the ceiling that exceeds 20 degrees to 35 ft, base the
demand area on that required for a dry-pipe system, and do not use extended coverage
sprinklers.
2. Limit the combustibility of the products under the area where the ceiling slope exceeds
20 degrees to commodities where the discharge from the sprinkler divided by the area
of coverage for the sprinkler is 0.15 gpm per sq ft or less. Note that this is only
permitted for standard coverage sprinklers (no extended coverage) and the design area
needs to be provided similar to a dry-pipe system.
3. Install a drop ceiling below the sloped ceiling in accordance with FM Data Sheet 1-12,
Ceilings and Concealed Spaces, which requires the ceiling to be resistant to certain
updraft conditions.
Section 2.1.3.2.1 of Data Sheet 2-0 requires non-storage situations to have their sprinklers
installed parallel to the floor when the ceiling slope exceeds 5 degrees (approximately 1 in 12)
and section 2.1.3.2.4 requires non-storage situations to have their sprinklers installed within 36
inches vertically of the peak when the ceiling slope exceeds 10 degrees.
Section 2.2.1.6 of Data Sheet 2-0 is much more restrictive for storage occupancies. Fast
response storage sprinklers are only permitted to be used where the ceiling slope is 10 degrees or
less. Standard response storage sprinklers are also limited to a ceiling slope of 10 degrees or less
in situations where in-rack sprinklers are not installed. A combination of standard response
storage sprinklers at the ceiling and in-rack sprinklers can be used to protect situations with a
ceiling slope up to 20 degrees. For storage situations where the ceiling slope exceeds maximums
permitted as discussed above, a drop ceiling needs to be installed in accordance with FM Data
Sheet 1-12.
For situations where the ceiling slope exceeds 20 degrees, the user is given two options:
1. Install a drop ceiling.
2. Use protection criteria for the ceiling sprinklers for less than 20 degrees and add extra
in-rack sprinklers to match the requirements in Data Sheet 8-9 for high clearance
situations.
With respect to the location of the sprinkler relative to the peak in storage situations, there are
two sections of FM Data Sheet 2-0 that need to be put together. For the distance horizontally
from the peak to the sprinklers, section 2.2.1.6 requires the sprinkler to be within 36 inches
horizontally of the peak (measured along the slope) when the slope exceeds 5 degrees. For the
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vertical distance, section 2.2.3.4 requires the sprinkler to be within 36 inches of the peak
vertically when the slope exceeds 10 degrees.
Section 2.2.3.1.2 of Data Sheet 2-0 requires storage sprinklers to be installed with their deflectors
parallel to the floor unless the ceiling slope is 5 degrees or less. FM Global has never issued a
formal written statement on why their position is opposite from NFPA 13, but in discussions on
the subject, FM has expressed concerns about vertical thrust of sprinkler spray being less
effective in the plume if the sprinkler is installed on an angle parallel to the slope of the ceiling.
In addition, they have expressed concerns about the spray pattern of the sprinklers developing in
a skewed pattern if the deflector is parallel to the ceiling.
Custom Spray Solutions has explored the effect of sprinkler orientation on spray patterns in a
white paper [A16]. The preliminary study demonstrated the capability of the CSS initial spray
measurement method coupled with computer modeling to explore these sprinkler orientation
effects.
A-4.1.2.2 Data Sheet 3-0
FM Data Sheet 3-0, Hydraulics of Fire Protection Systems, also has specific criteria for sloped
ceiling situations in both storage and non-storage situations. Section 2.1.2.2.3.1 applies to
hydraulic calculations being conducted using density/area criteria, which under the FM Global
system is typically a non-storage situation. Section 2.1.2.2.3.2 applies to hydraulic calculations
where the discharge criteria are expressed as a number of sprinklers operating at a specific
pressure, which is typical for storage situations.
Under both the density/area situation and the number of sprinklers operating at a specific
pressure situation, the rules require the shape of the design area to be skewed longer along the
length of the branch line in conditions where the ceiling slope exceeds 5 degrees. FM
accomplishes this modification through the use of a formula to calculate the number of sprinklers
in the design area in a direction parallel to the branch line utilizing a shape factor. For ceiling
slope conditions of 5 degrees or less, the shape factor is 1.2. For situations where the slope is
greater than 5 degrees, the shape factor is 1.4. The design area shape formulas can be
summarized as follows with Eq. 1 used for ceiling slope of 5 degrees or less and Eq. 2 used for
ceiling slope exceeding 5 degrees so that

#=

1.2 DesignArea
S

(1)

#=

1.4 DesignArea
S

(2)

where # is the number of sprinklers in the design area parallel to the branch line, DesignArea is
either the design area from the density/area criteria or the product of the number of sprinklers
multiplied by the area of coverage per sprinkler, and S is the distance between sprinklers along
the branch line.
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A-4.1.2.3 Data Sheet 8-9
One would expect the concept of protecting storage under sloped ceilings to be directly
addressed in Data Sheet 8-9, and there were some comments on the subject up to the 2005
edition. But in 2005, FM removed the requirements because they were covered elsewhere in
other FM Global Data Sheets and they did not want redundant information in multiple Data
Sheets. This reinforces the concept that all FM Data Sheets need to be used as a package and
that a designer of fire sprinkler systems cannot pick some information out of one Data Sheet and
use another source for the rest of the sprinkler system design.
A-4.1.3 EN1285
Interviews with knowledgeable sources in Europe report that the standards in use on that
continent do not take ceiling slope into account at this time. Recent changes to EN 12845 Fixed firefighting systems — Automatic sprinkler systems — Design, installation and
maintenance, limit the use of ESFR sprinklers to situations where the slope does not exceed 9.5
degrees. In situations where the slope exceeds this value, a suspended ceiling needs to be
installed (see sections P.8.1 and P.8.2). But these sections are limited in application to ESFR
sprinklers and have been lifted from the standards in the United States relative to that specific
sprinkler.
When interviewed about this subject, European fire sprinkler experts mentioned knowledge of
the FPRF project on this subject and their interest in waiting to see what develops before making
any changes to their standard.
A-4.2 Construction Details
The Warehouse Information Section of the survey queries three main pieces of information
important for evaluating the protection of storage under sloped ceilings: the type of slope
configuration; the slope of the ceiling; and the area of the storage facility. These three
components will provide construction details for the storage facilities with sloped ceiling, which
is valuable information for the development of future modeling and experimental
recommendations.
A-4.2.1 Slope Configuration
Survey participants were given three options when identifying the slope configuration most
prevalent in the storage facility of interest as shown in Figure A4. The options and current
percentage of responses pertaining to each option can be seen in the following table. The full
slope option is representative of peaked and non-peaked construction configurations where the
entire ceiling is sloped while the partial slope configuration contains portions of a flat ceiling
within the building cross section. The saw tooth configuration is a unique geometry that that will
require special attention and further investigation to determine if it may be treated as a series of
full slope configurations or alternate approaches are required.
A-4.2.2 Ceiling Slope
Ceiling slope of the storage facility is the fundamental cause of concern surrounding fire
protection by sprinklers. Thus, evaluating the frequency of slopes encountered will help better
define the parameters for future model simulations and full scale testing. Increasing ceiling slope
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is expected to have an adverse effect on fire protection efficiency yet the extent by which slope
affects the various aspects of the system performance (e.g. activation time, number of
activations, spray performance) is unknown and relatively unexplored. The current results of the
survey represented in Figure A5 shows a diverse range of responses indicating that evaluating
Full Slope
(62.7%)

Partial Slope
(9.6%)

Saw Tooth
(27.7%)

Figure A4: Slope configuration responses.
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Figure A5: Ceiling slope responses.

the effect of ceiling slope over a wide range of slopes will be required to develop guidance and
recommendations that can be applied to the majority of existing construction scenarios. Ignoring
the responses with unknown slope, the current result would indicate that approximately 84% of
the slopes reported exceed the maximum slope for which guidance is provided in the NFPA
code. .
A-4.2.3 Building Area
The overall footprint of the storage facility with sloped ceilings is the last piece of building
geometry specific information collected with the survey tool. The general size of the facility will
influence the maximum distance of the ceiling above the commodity as well as the length of the
ceiling slope over which the smoke has to travel to reach the peak of the construction. With this
information, it is possible to begin developing parameters for the lengths of the various slopes
and configurations to be tested and modeled. These parameters will have a large influence on the
activation times for the various sprinklers surrounding the incipient fire scenario. The wide
variability of the responses shown in Figure A6 indicates a wide range of facility sizes.
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A-4.2.4 Trends
For all building areas identified, full slope configuration was reported most frequently as
indicated in Figure A4. However, the second most common configuration, the saw tooth
configuration, was much more common for larger buildings with 67% of responses associated
100%
80%
60%
40%
23%

19%

20%

29%

22%

7%

0%
0-20,000 sq. ft.

20,000-40,000 sq. 40,000-100,000 sq. Above 100,000 sq.
ft.
ft.
ft.

Unknown

Figure A6: Building size responses.
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Figure A7: Building size by ceiling configuration.
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Figure A8: Ceiling slope by building size.

with building areas greater than 40,000 sq. ft. as highlighted in Figure A7. From an application
perspective this trend is intuitive since the design goal of these configurations is typically to
allow natural light into the space, a challenge more difficult for large footprint building than
smaller ones. Figure A8 reveals a ceiling slope of 2:12-4:12 to be the most common slope for all
building areas but dominant for the smaller building areas of 0-20,000 sq. ft. Slope angles greater
than 6:12 were identified as the second most common slopes for buildings greater than 40,000
sq. ft. All other building sizes saw a relatively equal mix of slope angles.
A-4.3 Storage Details
A-4.3.1 Commodity Classification
The storage and commodity data revealed a number of interesting details about the prevalence of
particular commodities and the manner of their storage. As can be observed in Figure A9, Class
I-IV commodities and Group A Plastics are the dominant stored commodities. Additionally
based on the responses it is evident that single facilities often store multiple commodities as the
total percent allocated to the commodities exceeds 100% (note that respondents were free to
select all or none of the listed commodity types).
The presence of additional stored commodities is revealed when filtering by an initial
commodity. For example, when Class I-IV commodity is chosen as the filter, Figure A10
illustrates percentages of additional commodities present. Figures A9 and A10 illustrate that
Group A Plastics and Class I-IV commodities are often present together; however Flammable
and Combustible Liquids and Aerosols are present on a much less frequent basis. These figures
and the associated data imply that it would be unlikely to have a warehouse storing solely
flammable liquids or aerosols; however it would be likely for Class I-IV or Group A Plastics to
be stored without the presence of the liquids or aerosols.

A-14

Custom Spray Solutions

100%
80%

65%

64%

60%
40%
14%

10%

Flammable and
Combustible Liquids

Aerosols

20%
0%
Class I - IV
Commodities

Group A Plastics

Figure A9: Summary of total commodity classification
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Figure A10: Presence of additional commodities when other selected commodities are present.
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Figure A11: Summary of presence of various storage configurations.
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A-4.3.2 Storage Configuration
Rack storage is by far the most common method of storage observed in the warehouses with
palletized and solid piled storage appearing about half as frequently. The storage of certain
commodities does influence the type of storage that may be present. For instance the baseline
value across all storage commodities for the presence of rack storage is approximately 74% as
indicated in Figure A11. However when the data is filtered by warehouses containing flammable
liquids as shown in Figure A12, the data indicates rack storage is always present. The presence
of rack storage does not preclude the presence of other storage methods as additional
commodities may also be present in the space. Unfortunately, it is not possible to make direct
linkages between the storage configuration and which commodity is stored in that particular
configuration. Similar to the storage of multiple commodities, the data shows that multiple
storage configurations are often present in a single warehouse as well.
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Figure A12: Type of storage filtered by presence of flammable liquid storage.
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Figure A13: Storage height and clearance to storage.

The final consideration for the commodity and storage configuration information is the storage
height. The storage height can be considered in two parts, the maximum storage height and the
ceiling clearance. The overall average values for clearance and height are shown in Figure A13.
The standard deviation associated with the responses was significant however with the ceiling
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clearance having a standard deviation of 9.5 ft and the storage height having a standard deviation
of 9 ft. Some responses indicated that the clearance above storage was limited to 1 ft, while the
upper bound approached a 40 ft clearance. To further investigate the relationship between the
protection strategy and the building geometry, Figure A13 also contains the average values for
clearance and storage height when filtered by sprinkler type. On average, the CMSA type is used
to protect the largest height of commodity while the ceiling clearance average is relatively
unaffected by protection type filters.
A-4.4 Sprinkler Installation Details
The overall distribution of sprinkler types for sloped ceiling applications is presented in Figure
A14. Respondents report that Spray type sprinklers are most popular at 60% followed by Early
Suppression Fast Response (ESFR) type at 32% and Control Mode Specific Application
(CMSA) type at 8%. Sprinkler types CMSA, ESFR and Spray were used throughout all
sprinkler slopes as shown in Figure A15. The orientation of these sprinklers is mixed depending
on the ceiling slope with between 64% and 100% of the installations oriented parallel to the
ceiling while between 0% and 34% are oriented parallel to the ceiling as shown in Figure A16.
It is interesting to observe in Figure A16 and in Figure A17 that a significant percentage of the
ESFR sprinklers are oriented parallel to the ceiling as was the case for all types of sprinklers.
Figure A16 does indicate a trend towards increased installations parallel to the floor with
increasing slope however the major of installations are still in parallel to the ceiling orientation.
The finding that ESFR sprinklers may be installed parallel to ceilings with steep slopes is of
great intrigue as their performance depends more strongly on early activation and downward
momentum. Performance in both of these areas may be compromised at steep ceiling slopes. It
is important to understand the implications of these orientation considerations through further
investigations to properly inform stakeholders.
It is clear that a number (at least 39%) of sprinkler protection strategies do not comply with the
NFPA recommendation based on Figure A15. These designs use sprinklers at slopes in excess of
2 in 12 (or approximately 10 degrees). While FM guidance makes provision for slopes in excess
of 2 in 12 as long as in-rack sprinklers are installed, no recommendations are provided for
sprinkler protection with ceilings steeper than 20 degrees (approximately 4 in 12). Responses
with slopes in excess of 4 in 12 (approximately 23% at least) shown in Figure A15 reveal that
some designs are also outside of FM guidelines. It is clear that further substantiation and
guidance could be useful especially for these steeper slopes.
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Figure A14. Sprinkler types.
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Figure A15: Sprinkler types by ceiling slope.
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Figure A16: Sprinkler orientation by ceiling slope.
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Figure A17. Sprinkler orientation by sprinkler type
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Additional consideration was given to the sprinkler installations filtered by building area. Figure
A18 represents the percentages of the different protection schemes applied to the various
building areas. From the results we can see as a trend that the spray protection approach,
although the most popular for most building areas, dominates as the protection of choice for
buildings smaller than 40,000 sq. ft.. On the other hand, CMSA protection was only observed for
the protection of buildings larger than 40,000 sq. ft. and again only served as the minority
method selected.
A final perspective utilized in this analysis examined the sprinkler type filtered first by the
ceiling clearance above the commodity as shown in Figure A19 and then by the commodity
height depicted in Figure A20. Based on the results in Figure A19 it can be observed that there is
no obvious direct correlation between the clearance above the commodity and the sprinkler
selected in installation practice. Observation of the sprinkler selection with increased commodity
height in Figure A20 yields a different trend of favoring the ESFR protection method.
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Figure A18. Sprinkler type by building area.
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Figure 19: Sprinkler type by height of the ceiling above the commodity.
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Figure A20: Spray Sprinkler type by height of the commodity.
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A-5. Summary
It is clear from the review presented in §A-4.1 that storage protection under sloped ceilings is a
common concern for the design and standards communities alike. Minimal information
regarding storage protection under sloped ceilings is available. Further, fire test data in this
configuration is limited and when presented yields no consensus. Because of this lack of
information, guidance from both NFPA and FM Global is necessarily conservative.
Sloped ceiling storage protection survey data from over 100 respondents revealed that full slope
configurations are most prevalent. The 2:12 - 4:12 slope range, as well as the slope condition
greater than 6:12 were identified as the most common slopes for buildings greater than 100,000
sq. ft.. The relatively steep ceiling configurations reflected in the survey are in dire need of
substantiated fire protection guidance.
The survey also revealed the prevalence of rack storage and the lack of in-rack protection. The
data indicates that only 15% of the rack storage configurations use in-rack protection across the
full spectrum of ceiling heights, storage heights, and commodity stored.
The proliferation of ESFR sprinklers (32% of total sprinkler types surveyed) with their potential
for increased sensitivity to ceiling slope brings the lack of guidance for sloped ceiling storage
protection into focus. It is clear that further substantiation and guidance would be useful
especially for the steeper slopes indicated by the survey.
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B-1. Survey Question Details
This appendix provides detailed information about the questions found within the survey. Each
question is detailed below including the question as worded in the survey, the optional responses
and the current raw trends based on response percentages. Additionally, survey logic based on
response and notes on intent are also included for each survey question. The statistics were
gathered based on 88 total number of responses.

Have you encountered warehouses with sloped ceilings that either required
sprinkler protection or that may have benefited from sprinkler protection?
Question 1

Options:

Yes

No

Trends:

87.36%

12.64%

Logic:

--

Survey Complete

Notes:

The goal of this task is to evaluate the current state of sloped ceiling storage.

In what role have you encountered the sloped ceiling fire protection problem?

Question 2

Options:

Insurer

Owner

AHJ

Designer

Contractor/Installer

Trends:

60.94%

6.25%

10.94%

23.44%

15.63%

Logic:

--

--

--

--

--

Notes:

It was important to know from whose perspective the result were coming from so
that the results could be parsed and trends evaluated.

Contact Information (only required for entry into Amazon Gift Card drawing).

Question 3

Options:

Provide Information

Do Not Provide Information

Trends:

52.87%

47.13%

Logic:

--

--

Notes:

Contact information can also be used to follow up with the individuals who offered
to share more information pertaining to the challenges of sloped ceilings and
storage warehouses.
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Which of the following sloped ceiling configurations have you encountered?

Question 4

Options:

Full Slope

Partial Slope

Saw Tooth

Trends:

67.21%

6.56%

26.23%

Logic:

--

--

--

Notes:

Trends on ceiling slope configuration can provide useful information for planning
future modeling and testing series.

Ceiling Slope

Question 5a

Options:

0-2:12

2:12-4:12

4:12-6:12

>6:12

Unknown

Trends:

13.11%

29.51%

14.75%

21.31%

21.31%

Logic:

--

--

--

--

--

Notes:

The slope of the ceiling is anticipated to affect the activation of the fire protection
system

Building Area
Options:

Question 5b

0-20,000
ft.

sq.

20,000-40,000
sq. ft.

40,000-100,000
sq. ft.

>100,000
sq. ft.

Unknown

Trends:

16.39%

21.31%

21.31%

32.79%

8.20%

Logic:

--

--

--

--

--

Notes:

Understanding any trends between building size and slope severity will help to
make recommendations for future testing and modeling that is realistic to the
current state of the challenge.

Classification

Question 6

Options:

Class I-IV
Commodities

Group A Plastics

Flammable and
Combustible Liquids

Aerosols

Trends:

66.67%

61.40%

12.28%

10.53%

Logic:

--

--

--

--

Notes:

Understanding the classifications of storage under sloped ceilings will help to
better evaluate the risks associated with a delayed activation or an activation not
local to the fire that may be causes by the ceiling slope.
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Storage Configuration

Question 7

Options:

Rack

Palletized

Solid Piled

Bin Box

Shelves

Back-to-back
Shelves

Trends:

73.68%

40.35%

42.11%

3.51%

7.02%

7.02%

Logic:

--

--

--

--

--

--

Notes:

This information on storage type will help to determine design fire scenarios,
modeling input, and experimental parameters.

Storage & Clearance

Question 8

Options:

Minimum Ceiling Clearance Storage (ft)

Maximum Storage Height (ft)

Trends:

Average: 9 ft

Average: 20 ft

Logic:

--

--

Notes:

The ceiling clearance information will provide valuable input for simulation
parameters that will help to evaluate sprinkler orientation preference. The
maximum storage height will help with design fire evaluation and water source
requirements. Both were open ended user inputs.

Ceiling Treatment

Question 9

Options:

Slope Ceiling w/
Sprinklers

Drop Ceiling w/
Sprinklers

Other

Trends:

83.64%

9.09%

7.27%

Logic:

Continue to Q10

Jump to Q12

Comment; Jump to Q15

Notes:

The question aims to evaluate the solution that was selected for the protection
challenge.

Sprinkler Orientation

Question 10

Options:

Parallel to Ceiling

Parallel to Floor

Trends:

84.09%

15.91%

Logic:

--

--

Notes:

Several design recommendations exist for the proper orientation of the sprinkler for
protection of sloped ceiling facilities thus evaluating current installation trends will
be important for any guidance developed.
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Were in-rack sprinklers also provided?
Yes

Options:

Question 11

18.18%

Trends:

81.82%

--

Logic:
Notes:

No

--

In-rack sprinklers could reduce the dependence on overhead sprinkler systems in
the event of a fire. There are also tradeoffs that must be considered should any
guidance be developed for in-rack requirements and sloped ceiling protection.

Sprinkler Type

Question 12

Options:

Spray (Density/Area)

CMSA

Trends:

65.31%

6.12%

Continue to Q13

Jump to Q14

Logic:
Notes:

ESFR
28.57%
Jump to Q14

The trends associated with sprinkler type will greatly affect the future modeling
and experimental studies recommended for Phase II of this project.

Spray Density (GPM/ sq.ft.)

Question 13

Options:

0 - 0.34
GPM/sq.ft

Trends:

43.75%

Logic:

--

Notes:

0.35 - 0.59
GPM/sq.ft

0.60 - 0.79
GPM/ sq.ft.

> 0.80 GPM/sq.ft.

40.63%

15.63%

0.00%

--

--

--

The spray density selected for the system in a building with a sloped ceiling will
affect the available water supply and the effect that rouge activations caused by
slope have on the fire protection design goals.
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Sprinkler Design Area

Question 14

Options:

0 - 2,000 sq. ft.

2,000 - 2,599 sq. ft

2,600 - 3,379 sq. ft

> 3,380 sq. ft

Trends:

46.81%

23.40%

19.15%

10.64%

Logic:

--

--

--

--

Notes:

Similar to Question 13, water availability will in part affect the severity of the
consequences associated with rouge sprinkler activation.

Have there been any fires in the sloped ceiling warehouse described in the
survey?
Question 15

Options:

Yes

No

Trends:

11.11%

88.89%

Logic:

--

--

Notes:

Information pertaining to performance or operation of sprinkler systems in storage
facilities with sloped ceilings would be useful for evaluating design sufficiency.
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C-1. Survey Distribution List
This appendix provides detailed information about the list of stakeholders contacted to assist in
the distribution of the electronic survey. Specific requests to participate in the survey and to pass
the survey along to relevant colleagues were sent to the individuals/organizations listed in Table
B1. Redistribution of the link to participate in the survey is known to have occurred through the
National Fire Sprinkler Association’s membership (contractors, manufacturers, suppliers, and
professional members), NFPA, FM Global, and the global Zurich Risk Engineering team.
Table B1. Distribution List
AFSA
NFSA
XL GAPS
Liberty Mutual
Dave Gough
Rich Gallagher
Tony Gumkowski
Andrew Kim
Bill Koffel
Carl Anderson
David Flack
Garner Palenske
Jim Biggins
James Golinveaux
Joe Noble
Ken Linder
Maurice Pilette
Rich Pehrson
Russ Leavitt
Christina Francis
Dave Frable
Amanda Kimball
Weston Baker

Roland Huggins
Victoria Valentine
Peter Wilse
Dave Hague
Travelers
Zurich
Travelers
National Research Council of Canada
Koffel Assoc.
Pacific Rim Fire Code Consulting
Marsh
AON
Global Risk Consultants
Tyco
Noble Consulting
Swiss Re
Mechanical Designs
International Fire Marshals Association
Telgian
Proctor and Gamble
GSA
National Fire Protection Association
FM Global
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