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Sections 8.1.3.1.3.1 and 8.1.3.1.3.2 are now shown in the TIA as being unchanged from the 2010 
Edition text, while 8.1.3.2 is no longer shown in the TIA as it is not related and should not have been 
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being balloted on whether or not this matter is of an emergency nature.  Please see Section 5 
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Committee Projects.   
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Joanne Goyette at NFPA, 1 Batterymarch Park, Quincy, MA 02169. 
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required in accordance with the NFPA Regulations Governing Committee Projects. 
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NFPA 13D-2010  
Standard for the Installation of Sprinkler Systems in One- and Two-Family Dwellings and Manufactured Homes 
TIA Log No.: 1028R 
Reference: 8.1.2, 8.1.3, A.8.1.2, and A.8.1.3 
Comment Closing Date: July 15, 2011 
Submitter: James Golinveaux, Tyco Fire Protection Products 
 
1. Revise 8.1.2 and A.8.1.2 to read as follows: 
 
8.1.2* Number of Design Sprinklers. The number of design sprinklers under flat, smooth, horizontal ceilings shall 
include all sprinklers within a compartment, up to a maximum of two sprinklers, that require the greatest hydraulic 
demand. 
 
A.8.1.2 All residential sprinklers have been investigated under a flat, smooth, 8 ft (2.4 m) high horizontal ceiling. Some 
residential sprinklers have been investigated and listed for use under specific ceiling configurations such as a horizontal 
beamed ceiling. The performance of residential sprinklers under flat, smooth, horizontal ceilings has been well 
documented throughout the life of NFPA 13D. Prior to 2010, several manufacturers of residential sprinklers had 
performed testing and received listings for residential sprinklers under certain slopes and in certain beam conditions. In 
2010, the Fire Protection Research Foundation (FPRF) conducted a research project consisting of 76 FDS simulations and 
12 full‐scale fire tests. The results have been used to develop system design criteria in a generic manner in order to 
simplify the use of residential sprinklers. Some residential sprinkler listings still exist for situations beyond the scope of 
the generic design. See the FPRF report, Analysis of the Performance of Residential Sprinkler Systems with Sloped or 
Sloped and Beamed Ceilings, dated July 2010, for more information.  Questions are frequently asked regarding the 
minimum two-sprinkler design when certain sprinkler performance statistics have indicated that in a majority of the cases 
(with residential sprinklers) the fire is controlled or suppressed with a single sprinkler. While these statistics may or may 
not be accurate, the water supplies for the fire sprinkler systems under which these statistics were generated were designed 
for two or more sprinklers in the first place. When the fires occurred, the first sprinkler operated in excess of its individual 
design flow and pressure because the sprinkler system’s water supply was strong enough to handle multiple sprinklers and 
only a single sprinkler opened. At these higher flows and pressures, the discharge from a single sprinkler was sufficient to 
limit or suppress the heat generated from the fire. This concept is called “hydraulic increase.” Hydraulic increase can also 
occur when a water supply’s capabilities during the fire event exceeded that required by the minimum design 
requirements of the standard. Since none of the data used to generate the previously mentioned statistics captured the 
capabilities of the water supply in relation to the design requirements, the impact of the hydraulic increase on the number 
of single sprinkler activations cannot be determined. But if the minimum water supply requirement of the standard is 
reduced to only be capable of handling a single sprinkler, then there could be no hydraulic increase safety factor. When 
the first sprinkler opens, it will only get the flow and pressure that were originally designed for it, and the potential is 
significant for that to be insufficient to control the fire given any obstructions and the layout of the space where the fire 
starts. The National Institute for Standards and Technology (NIST), under a grant from the United States Fire 
Administration,  studied this concept several years ago in the hopes of being able to propose a single sprinkler flow for the 
2007 edition of NFPA 13D (see NIST Report NIST GCR 05‐875 prepared by Underwriters Laboratories with a 
publication date of February 2004). Unfortunately, the research did not support the design of a sprinkler system with only 
the flow for a single sprinkler, even under conditions of small rooms with flat,  smooth ceilings. Without the hydraulic 
increase associated with the two-sprinkler design, the fire scenarios were too many where the first sprinkler to open would 
have insufficient flow to control the fire and then multiple sprinklers would open, causing the room to reach untenable 
conditions and the water supply to be overrun. These same fire scenarios were easily controlled by a sprinkler system 
designed for a two-sprinkler water supply from the start. In addition to the NIST tests, the National Fire Sprinkler 
Association conducted a series of full‐scale fire tests in simulated bedrooms that were 14 ft × 14 ft (4.3 m × 4.3 m) with an 
adjoining hallway, each with flat, smooth, 8-ft (24-m) high ceilings. The tests were performed to determine better rules for 
keeping sprinklers clear of obstructions like ceiling fans, but baseline tests were also performed without any obstructions 
at the ceiling. In nine out of the twelve tests, including the two baseline tests without obstructions at the ceiling, a 
sprinkler in the hall outside the room of fire origin opened first, followed by the sprinkler in the room of origin. Even 
though the room of origin met all of the rules of NFPA 13D as a compartment, a sprinkler outside of this room was 
opening first. All of these fires were controlled by the sprinklers, but if the water supply had only been sufficient for a 
single sprinkler, the sprinklers would never have been able to provide fire control. For examples of selecting a 
compartment for consideration, see Figure A.8.1.2(a) and Figure A.8.1.2(b), which show examples of design 
configurations for compartments based on the presence of lintels to stop the flow of heat. All residential sprinklers have 



been investigated and are currently listed for use under flat, smooth, horizontal ceilings. Some residential sprinklers have 
been investigated and listed for use under specific smooth sloped or horizontal beamed ceilings. Where ceilings have 
configurations outside the scope of current listings, special sprinkler system design features such as larger flows, a design 
of three or more sprinklers to operate in a compartment, or both can be required. Figure A.8.1.2(a) and Figure A.8.1.2(b) 
show examples of design configurations. Questions are frequently asked regarding the minimum two sprinkler design 
when certain sprinkler performance statistics have indicated that in a majority of the cases (with residential sprinklers) the 
fire is controlled or suppressed with a single sprinkler. While these statistics may or may not be correct, the water were 
generated were designed for two or more sprinklers in the first place. When the fires occurred, the first sprinkler operated 
in excess of its individual design flow and pressure because the sprinkler system’s water supply was strong enough to 
handle multiple sprinklers and only a single sprinkler opened. At these higher flows and pressures, the discharge from a 
single sprinkler was sufficient to limit or suppress the heat generated from the fire. This concept is called “hydraulic 
increase.” Hydraulic increase can also occur when a water supply’s capabilities during the fire event exceeded that 
required by the minimum design requirements of the standard. Since none of the data used to generate the previously 
mentioned statistics captured the capabilities of the water supply in relation to the design requirements, the impact of the 
hydraulic increase on the number of single sprinkler activations cannot be determined. But if the minimum water supply 
requirement of the standard is reduced to only be capable of handling a single sprinkler, then there could be no hydraulic 
increase safety factor. When the first sprinkler opens, it will only get the flow and pressure that were originally designed 
for it, and the potential is significant for that to be insufficient to control the fire given any obstructions and the layout of 
the space where the fire starts. The National Institute for Standards and Technology (NIST), under a grant from the United 
States Fire Administration, studied this concept several years ago in the hopes of being able to propose a single sprinkler 
flow for the 2007 edition of NFPA 13D (see NIST Report NIST GCR 05‐875 prepared by Underwriters Laboratories with 
a publication date of February 2004). Unfortunately, the research did not support the design of a sprinkler system with 
only the flow for a single sprinkler, even under conditions of small rooms with flat,  smooth ceilings. Without the 
hydraulic increase associated with the two sprinkler design, the fire scenarios were too many where the first sprinkler to 
open would have insufficient flow to control the fire and then multiple sprinklers would open, causing the room to reach 
untenable conditions and the water supply to be overrun. These same fire scenarios were easily controlled by a sprinkler 
system designed for a two sprinkler water supply from the start. In addition to the NIST tests, the National Fire Sprinkler 
Association conducted a series of full‐scale fire tests in simulated bedrooms that were 14 ft × 14 ft with an adjoining 
hallway, each with flat, smooth, 8 ft high ceilings. The tests were performed to determine better rules for keeping 
sprinklers clear of obstructions like ceiling fans, but baseline tests were also performed without any obstructions at the 
ceiling. In nine out of the twelve tests, including the two baseline tests without obstructions at the ceiling, a sprinkler in 
the hall outside the room of fire origin opened first, followed by the sprinkler in the room of origin. Even though the room 
of origin met all of the rules of NFPA 13D as a compartment, a sprinkler outside of this room was opening first. All of 
these fires were controlled by the sprinklers, but if the water supply had only been sufficient for a single sprinkler, the 
sprinklers would never have been able to provide fire control. 
 
2. Add 8.1.2.1, 8.1.2.2, 8.1.2.3, and A.8.1.2.3 to read as follows: 
 
8.1.2.1 For each of the following situations, the number of sprinklers in the design area shall be all of the sprinklers within 
a compartment, up to a maximum of two sprinklers, that require the greatest hydraulic demand: 
 

(1) A flat, smooth, horizontal ceiling with no beams up to a maximum of 24 ft (7.3 m) above the floor. 
(2) A smooth, flat, sloped ceiling with no beams up to a maximum slope of 8 in 12. The highest portion of the ceiling 

shall not be more than 24 ft (7.3 m) above the floor. The highest sprinkler in the sloped portion of the ceiling shall 
be above all openings from the compartment containing the sloped ceiling into any communicating spaces. 

(3) A sloped ceiling with beams up to 14 in. (4.3 m) deep with pendent sprinklers under the beams. The compartment 
containing the sloped, beamed ceiling shall be a maximum of 600 ft2 (56 m2) in area. The slope of the ceiling shall 
be between 2 in 12 and 8 in 12. The highest portion of the ceiling shall not be more than 24 ft (7.3 m) above the 
floor. The highest sprinkler in the sloped portion of the ceiling shall be above all openings from the compartment 
containing the sloped ceiling into any communicating spaces. 

(4) A sloped ceiling with beams of any depth with sidewall or pendent sprinklers in each pocket formed by the 
beams. The compartment containing the sloped, beamed ceiling shall be a maximum of 600 ft2 (56 m2) in area. 
The slope of the ceiling shall be between 2 in 12 and 8 in 12. The highest portion of the ceiling shall not be more 
than 24 ft (7.3 m) above the floor. 

 



8.1.2.2 For situations not meeting one of the conditions in 8.1.2.1, residential sprinklers listed for use in specific ceiling 
configurations shall be permitted to be used in accordance with their listing. 
 
8.1.2.3* For situations not meeting one of the conditions in 8.1.2.1 and 8.1.2.2, the number of sprinklers in the design area 
shall be determined in consultation with the authority having jurisdiction as appropriate for the conditions. Sprinklers shall 
be installed in accordance with their listing where a type of ceiling configuration is referenced in the listing. 
 
A.8.1.2.3 A number of variables exist that would influence the number of sprinklers that might open during a fire. In 
many of the fire tests that led to the development of the residential sprinkler, and in many of the subsequent tests 
including the testing conducted as a part of the previously referenced FPRF sloped ceiling research project, more than two 
sprinklers have opened during certain fire tests, but the water supply, sized for only two sprinklers, was still capable of 
controlling the fire for ten minutes and meeting the goals of NFPA 13D. While there is no guarantee that this would 
always happen, it is believed that the two sprinkler design criteria is appropriate for ceiling constructions and room 
configurations that are within the limitations referenced 8.1.2.1 and 8.1.2.2. For the ceiling constructionsand room 
configurations that are beyond the scope of the two-sprinkler discharge criteria referenced in 8.1.2.1 and 8.1.2.2, a greater 
number of design sprinklers and/or higher discharge flows should be considered in the system design. As of this date, 
there is limited fire test data available to include specific design criteria in this standard. In these situations, sprinklers can 
be installed in a manner acceptable to the authority having jurisdiction to achieve the results specified in this standard. In 
making these determinations, consideration should be given to factors influencing sprinkler system performance, such as 
sprinkler response characteristics, impact of obstructions on sprinkler discharge, and number of sprinklers anticipated to 
operate in the event of a fire. For the situation of flat, smooth,  horizontal ceilings with beams at the ceiling, there are a 
number of variables that could cause many sprinklers to open during a fire. Residential sprinklers used in accordance with 
all of the restrictions of their listing can be used to protect this circumstance. 
 
3. Revise 8.1.3 to read as follows: 
 
8.1.3 Sprinkler Coverage. 
 
8.1.3.1 Residential Sprinklers. 
 
8.1.3.1.1 Sprinklers shall be installed in accordance with their listing where a type of ceiling configuration is referenced in 
the listing. Sprinklers shall be installed in accordance with their listing where the type of ceiling configuration is 
referenced in the listing. 
 
8.1.3.1.2* Where construction features or other special conditions exist that are outside the scope of sprinkler listings, 
listed sprinklers shall be permitted to be installed beyond their listing limitations. 
 
A.8.1.3.1.2 See A.8.1.2 and A.8.1.2.3. Construction features such as large horizontal beamed ceilings,  sloped ceilings 
having beams, and steeply sloped ceilings are outside of the current listings. In these situations, sprinklers can be installed 
in a manner acceptable to the authority having jurisdiction to achieve the results specified in this standard. In making 
these determinations, consideration should be given to factors influencing sprinkler system performance, such as sprinkler 
response characteristics,  impact of obstructions on sprinkler discharge, and number of sprinklers anticipated to operate in 
the event of a fire. 
 
8.1.3.1.3 Sloped Ceilings. 
 
8.1.3.1.3.1 Where the ceiling is sloped, the maximum S dimension shall be measured along the slope of the ceiling to the 
next sprinkler, as shown in Figure 8.1.3.1.3.1. 
 
8.1.3.1.3.2 The sprinklers shall maintain the minimum listed spacing, but no less than 8 ft (2.44 m), measured in the plan 
view from one sprinkler to another, as shown in Figure 8.1.3.1.3.1. 
 
Submitter’s Substantiation: This proposed language is based upon the findings of the Fire Protection Research 
Foundation’s project on residential sprinklers and sloped and beamed ceilings into NFPA 13D. The limitations of the test 
facility have been translated into limitations on the generic use of residential sprinklers. The maximum ceiling height of 
24 ft. and limitation on communicating spaces considers the data generated under the FPRF project as well as other fire 



tests conducted at other times. This same language was accepted by the Technical Committee as proposal 13D‐67 Log 
#CP9 at the A2012 ROP meeting. Please see the attached FPRF Report for the technical substantiation supporting this 
language. 
 
Emergency Nature: The information provided in the FPRF report was not available to the technical committees during 
the development of the 2010 edition. The absence of information of this type contributed to the lack of direction on this 
subject within the document. Lack of clear guidance from the committee on these issues significantly drives up the 
installed cost of residential sprinkler systems. These cost increases have been referenced by certain jurisdictions as 
reasons they have chosen not to adopt or have repealed existing residential sprinkler ordnances within their communities 
and is the reason this amendment is emergency in nature.  
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FOREWORD 

Current test and design criteria for home fire sprinklers in one and two family dwellings (UL 
1626 and 1626A) are limited to smooth, flat ceilings and sloped ceilings in specific limited 
configurations. Local authorities have limited available design guidance for the large number of 
one and two family dwellings that are constructed with ceiling geometries that fall outside the 
scope of the current listings.  The report describes the results of an experimental and analytical 
study of the performance of residential sprinklers in home fires with a range of typical ceiling 
geometries.  Its purpose is to provide the technical substantiation for design guidance in NFPA 
13D, Installation of Sprinkler Systems in One and Two Family Dwellings and Manufactured 
Homes.   

The content, opinions and conclusions contained in this report are solely those of the authors. 
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EXECUTIVE SUMMARY 
 

This report contains the results of a combined experimental and computational study to assess 
the performance of residential sprinklers installed on certain arrangements of sloped ceilings and 

sloped ceilings with beams with the intent of providing guidance for design criteria in the NFPA 

13 D/R residential sprinkler standards. 
 

Previous testing of sprinklers on sloped and sloped and beamed ceilings indicates that sloped 
ceilings can result in sprinkler operation times that are longer than those for the same sprinklers 

installed below a smooth, flat ceiling.  In addition, these previous tests indicate that higher 

temperatures prior to fire control by the sprinklers may occur in rooms with sloped ceilings.  
However, the operation time and temperature data from these previous tests also indicate that 

sprinklers installed on sloped ceilings were capable of meeting the stated purpose of the NFPA 
13 D/R standards regarding maximum fire size and escape/rescue objectives.  

 

A series of 76 FDS simulations of a furniture grouping fire were performed to examine the 
impact of slope angle, room size, type of sprinkler (pendent or sidewall), fire location, and 

presence of wall openings on the performance of installed residential sprinkler systems.  Two 
sets of small scale tests were used to develop the FDS inputs.  A series of tests with fires under a 

sloped ceiling were used to validate the meshing strategy used in the 76 simulations and a series 

of tests measuring the delivered density from slope mounted sprinklers was used to validate an 
approach for modeling the spray distribution from residential sprinklers. 

 
Results of the FDS simulations indicated that initial sprinkler operation occurred while the fire 

was still relatively small (<500 kW) with ceiling layer and eye level temperatures below levels of 

concern.  The results also showed that when the room geometry required more than two 
sprinklers to be installed, it was possible that more than two sprinklers would operate.  The 

presence of beams or a wall opening did not result in poor performance in terms of first sprinkler 
operation time or excessive temperatures at first sprinkler operation. 

 

A series of 12 full-scale tests were conducted using a grouping of living room furniture as the 
fuel source.  Water flow was limited to that associated with a two-sprinkler design for two or 

more operating sprinklers.  The room geometries were selected based on the FDS results, and 
included basic configurations where system success was anticipated by FDS modeling as well as 

configurations that the FDS modeling indicated might challenge the sprinkler system.  In all 

tests, first sprinkler operation occurred within four minutes, while the fire was still relatively 
small.  In half of the tests for configurations that required more than two sprinklers to be 

installed, more than two sprinklers operated.  In all tests, even tests with more than two operating 
sprinklers, the sprinklers were able to control the fire (preventing its spread beyond the first item 

of furniture ignited) and maintain temperatures that would improve conditions for escape or 

rescue.  Tests with a combustible wall lining did not result in qualitatively worse conditions than 
tests without a combustible wall lining. 

 
The results of this project indicate that residential sprinklers listed for applications with flat, 

smooth ceilings can be expected to perform adequately (i.e., meet the stated “purpose” in NFPA 
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13D/R standards) when installed on a sloped ceiling or sloped and beamed ceiling arrangements 

similar to those investigated as part of this study.  Restrictions or limitations associated with this 
conclusion include enclosure size, slope angle and peak ceiling height, based on the 

configurations evaluated in this effort. These factors are addressed in Section 7.2, NFPA 13D/R 
Design Considerations. 
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1.0 OVERVIEW 
 

This report documents the multi-part Fire Protection Research Foundation Project (FPRF) 
investigating design criteria for the installation of residential sprinklers on sloped ceilings (with 

and without beams).  The project tasks included: 

1. Review available fire incident, test and modeling data and analytic methods to study 
sprinkler performance as a function of ceiling configuration.  

2. Plan and implement a test and/or analytical program to study factors influencing design, 
to include ceiling slope, room volume and openings, design fire, combustibility of wall 

covering materials, and sprinkler system design characteristics to include operating water 

flow. Conduct a separate literature and analytical study on the impact of beam projections 
on performance.  

3. Coordinate and oversee full scale testing as required.  
4. Review and analyze results and develop design guidance to relate performance criteria 

relative to flat ceiling performance. 

 
The proposed work plan for Task 2 included a combination of FDS modeling of fire scenarios on 

sloped ceilings, small scale fire testing on sloped ceilings to validate the use of FDS, and small 
scale testing to generate sprinkler spray distribution data for pendant and sidewall sprinklers 

mounted on sloped ceilings with and without beams. 

 
This project report focuses on the results of the FDS modeling of fire scenarios for compartments 

with sloped ceilings and the results of full scale testing using actual furniture groups for fuel to 
aid in developing design guidance for the NFPA residential sprinkler standards. 

 

2.0 STANDARDS 
 

2.1 NFPA 13D - Standard for the Installation of Sprinkler Systems in One and Two Family 
Dwellings and Mobile Homes  

 

NFPA 13D 2010 [1] is the standard for the installation of sprinkler systems in one and two 
family dwellings.  A primary object of this project was to provide data to evaluate the need for 

specific code changes to address sloped ceilings, with and without beams, and if a need is 
established to recommend appropriate design guidance.  It should be noted that while the focus 

of this effort was on possible changes to NFPA 13D, the results should similarly apply to NFPA 

13R, Standard for the Installation of Sprinkler Systems in Residential Occupancies up to and 
Including Four Stories in Height, and the dwelling areas associated with NFPA 13, Standard for 

the Installation of Sprinkler Systems. 
 

2.1.1 Purpose 

The stated purpose of NFPA 13D is that a sprinkler system installed in accordance with the 
standard is expected to “prevent flashover (total involvement) in the room of fire origin, where 

sprinklered, and to improve the chance for occupants to escape or be evacuated”.  In essence it is 
not the goal of the standard that the system extinguish a fire, only that it control the fire to the 
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room of origin and maintain conditions that would allow occupants to either egress or shelter in 

place for rescue by the fire service.   
 

2.1.2 Sprinkler Design Principles 

The sprinkler design principles in NFPA 13D are based on the presumption that two sprinklers 

will operate and that each should receive a flow of 13 gpm or the manufacturer’s required flow 

to obtain a delivered density of 0.05 gpm/ft
2
 and that with one sprinkler operating the sprinkler 

should flow either 18 gpm or the manufacturers single sprinkler flow requirement.  These water 

flow requirements are driven to some extent by the capacity of a typical residential connection to 
a municipal water system.  It is desirable that the use of residential sprinklers on sloped ceilings 

does not require upgraded water supply connections. 

 
Two items of basic guidance is provided in NFPA 13D for the installation of sprinklers on sloped 

ceilings.  The first is that the sprinkler spacing for comparison with listed spacings is measured 
along the slope of the ceiling as opposed to being measured based on the sprinkler locations 

projected onto the floor.  The second is that the sprinkler spacing in plan view should not be less 

than 8 ft.  In formulating the sprinkler layouts for this project, these requirements were generally 
adhered to. 

 
2.2 UL 1626 - Standard for Residential Sprinklers for Fire-Protection Service 

 

UL 1626 is the Underwriters Laboratories listing test for residential sprinklers.  Among its many 
components are measurements of delivered density with a flat ceiling, and a compartment fire 

test using simulated furniture.   
 

The distribution test measures both floor and wall delivered densities.  For the floor, either one 

quadrant (for a pendent sprinkler) or one half (for a sidewall sprinkler) of the listed spacing foot 
print is covered with 1 ft

2
 square pans.  All pans must be delivered at least 0.02 gpm/ft

2
 (four 

pans (pendent) and eight pans (sidewall) may be between 0.015 and 0.02 gpm/ft
2
). Walls must be 

wetted to within 28 inches of the ceiling and with no less than 5 % of the sprinkler flow. 

 

In the fire test a corner fire of a wood crib and simulated foam furniture is set in a room sized to 
be twice the listing area (i.e. two sprinklers at the maximum listing distance from the walls and 

each other).  The sprinklers must maintain the temperature below 500 °F at a location ¼ inch 
above the finished ceiling, below 600 °F at a location 3 inches below the ceiling in the center of 

the room,  below 200 °F at a location 63 inches above the floor in the center of the room, and not 

exceed 130 °F for more than two minutes at the 63 inch location. 
 

3.0 HISTORICAL DATA AND PRIOR TESTING 
 

3.1 Incident Experience with Residential Sprinklers on Sloped Ceilings 

 
There is a lack of specific data on the actual performance of currently installed residential 

sprinkler systems on sloped ceilings.  Fire incident reporting databases do not contain the 
necessary level of detail.  However, the statistics can be examined to provide some general 
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insights on the performance of sprinklers in residences.  It should be noted that residences 

include apartments which, if srinklered, may conform with NFPA  13D, 13R or 13. 
 

Based on data collected by NFIRS [3] the primary location for fires in one- and two-family 
residences is in kitchens (22 %), followed by bedrooms (13 %) and family rooms (7 %).  

Fatalities are most common in bedrooms and family rooms (25 % each) with sleeping or other 

forms of incapacitation being a primary contributor to the fatality.  The primary cause for fires in 
one- and two-family residences is cooking (23 %), unknown (22 %), heating (13 %), and 

electrical malfunctions (8 %).  In fatal fires the primary causes are unknown (44 %), smoking 
(10 %), other unintentional/carelessness (9 %), and intentional or electrical malfunctions (7 %).   

 

Hall has further mined the NFIRS data for information on the effectiveness of sprinklers [4] and 
tabulated a number of statistics for sprinkler performance in residences.  It should be noted that 

these statistics include apartments which may not have an NFPA 13D system.  In residences with 
sprinklers that had fires large enough to operate the sprinklers (2/3 of fires are not large enough), 

sprinklers operated 94 % of the time, and in 97 % of the fires the fire is contained to the room of 

origin (it is noted that without sprinklers 76 % of fires are contained to the room of origin albeit 
with greater overall damage).   In 97 % of residential fires with sprinklers that operated, only 1 or 

2 sprinklers operated for wet pipe systems.  Given that many rooms in a typical house would 
only require one or two sprinklers, this statistic is not surprising.  Lastly, the death rate in 

sprinklered homes is 83 % lower than in non-sprinklered.  In sprinklered homes with fatalities 

93 % of the fatalities were to people in the area of origin.  This indicates that the sprinkler 
systems are meeting the intent of providing improved conditions for escape or rescue. 

 
In terms of sloped ceiling usage of residential sprinklers the following observations are made.  

The primary fire locations of cooking areas, bedrooms, and living/family rooms are also the 

room types were one typically finds sloped ceilings.  The success rate of sprinklers is very high.  
If it can be established that sprinklers on sloped ceilings will operate in sufficient time and with 

sufficient density, there is every reason to expect they will also be successful in meeting the 
intent of the NFPA 13D standard. 

 

3.2 Prior Testing 
 

3.2.1 1998 FM Sloped and Beamed 

In 1998 Factory Mutual Research [5] performed a series of 33 fire tests in a 24 ft x 12 ft room.  

Flat, sloped (14°), and sloped with 2 or 5 beam configurations (all beams were up slope and 

parallel to the 12 ft wall) were tested.  The fuel package consisted of an upholstered reclining 
chair, a wooden end table, carpet, curtains, and in corner fire tests a simulated sofa end (foam 

cushion attached to a vertical panel).  The number of sprinklers varied from 2 to 6 with 2 or 3 
used for no beams and 2 beams and 2, 3, and 6 used for 5 beams.  A summary of the test results 

is shown in Table 1 below.  No more than three sprinklers operated in any test. 

  



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

4 

 

Table 1. Results of 1998 FM Tests 

Geometry 

Maximum Ceiling 

Temperatures 
(°F) 

Maximum Eye Level 

Temperatures 
(°F) 

Flat Ceiling 150 to 479 100 to 124 

Sloped ceiling no beams 86 to 468 92 to 138 

Sloped ceiling 2 beans 127 to 572 87 to 178 

Sloped ceiling 5 beams 115 to 321 85 to 144 

 

Results from the FM testing indicate that the presence of a sloped ceiling results in slightly 

higher temperatures at eye level and at the ceiling.  However, in all sloped tests the ceiling 
temperatures were still below a flashover temperature and the eye level temperatures (with 

perhaps the exception of the one test with 178 °F) were unlikely to have exceeded 130 °F for two 
minutes. 

 

3.2.2 2003 NIST Sloped and Beamed 

NIST performed a series of 72 fire tests in a 24 ft x 18 ft room with slopes of 0°, 13°, and 24° 

both with and without a pair of 8 inch x 10 inch up slope (parallel to the 18 ft wall) beams for a 
total of six configurations [7].  A methane gas burner operated to yield two different t

2
 fires was 

placed in one of three locations (wall, corner, and center).  Thus, there were 36 different tests, 

each with a repeat test.  Each test had four quick response pendent sprinklers.   
 

For smooth ceilings there was little change in sprinkler operation time (changes ranged from 
-31 % to 22 %) as a function of slope for the wall and center fires and a noticeable increase in 

time for the slow corner fire (16 % and 40 %).  For beamed ceilings the same results held.  It is 

noted that in all cases the operation time was for fire sizes less than 160 kW for the slow fires 
and 380 kW for the fast fires.  

 
For the wall and center locations, eye level temperatures at activation were 20 °C to 30 °C higher 

for ceilings with beams than for those without beams.  The corner fires saw little change in 

temperature.  Eye level temperatures decreased as a function of slope.   The lowest temperatures 
were in the corner tests and the highest temperatures were in the center of the room tests and 

matched the trend in operation times.  While this test series shows the opposite trend in 
temperature from the FM series, it is noted that the FM maximum temperature was a total test 

maximum whereas the NIST maximum temperature was at sprinkler operation. 

 
3.2.3 2006 Tyco Sloped and Beamed 

Tyco [8] performed a series of 18 fire tests in a 22 ft x 24 ft room with a 45° slope and the peak 
of the roof along the 22 foot dimension.  Six 6 inch x 14 inch up slope beams were present in all 

tests.  Permutations included the presence of a 25.5 inch ridge beam and six (three per side) 6 

inch across slope beams.  Some tests had a loft door under the roof peak.  The fuel package was a 
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furniture grouping consisting of a upholstered sofa and chair, a wooden coffee table, a wooden 

end table with a shredded paper filled wastebasket beneath it. 
 

Six to twenty-five sprinklers were installed in the room.  Water flow to the sprinklers was not 
limited and each sprinkler discharged 13 gpm. During testing anywhere from one to 12 

sprinklers operated.  Eleven thermocouples were placed at 60 inches above the floor along a line 

beneath the ridge.  Maximum temperatures ranged from 140 °F to 349 °F.  In the 349 °F case 
only 3 sprinklers operated, if indeed temperatures were that high at 60 inches above the floor 

remote from the fire it seems unlikely that only three sprinklers would have operated.  It is 
surmised that the maximum reported temperature may not take into account the proximity to the 

fire.  With the exception of that test, temperatures at 60 inches remained below 200 °F.   

 
3.2.4 2008 FPRF Sloped and Beamed Smoke Detection 

In 2008, the Fire Protection Research Foundation concluded a project that investigated spacing 
requirements for smoke detection on sloped ceilings with beams [9].  Ceiling height, slope, beam 

depth, beam spacing, and beam orientation were varied as part of the study. A total of 117 

simulations were performed.  Many of the simulations were for configurations that would be 
unlikely in a one- or two-family residence (such as the 40 ft and 60 ft ceiling heights).  

Additionally, as the study was focused on smoke detection, the primary metric being examined 
was the optical density.  However, in the early growth period of a fire the optical density and the 

temperature will be fairly well correlated.  There is some soot loss due to deposition and some 

heat loss to initially cold surfaces, but in general the trends of optical density and temperature 
will be similar.   

 
When beams were running up the slope, they did act to channel the plume up the beam bay.  If 

beams were more than 10 % of the ceiling height (probably not typical for a residence), then they 

were effective at preventing smoke detection in the adjacent beam bay.  For beam depths less 
than 10 %, there was a slight delay in detection (generally less than one minute).  Similar results 

were seen for perpendicular beams.  When there was a waffle configuration for the beams, the 
immediately adjacent pockets to the pocket over the fire saw a slight delay in detection.  These 

results suggest that provided beams are shallow, sprinkler activation should be achievable across 

a beam without a large delay in operation time. 
 

4.0 Smaller Scale Testing 
 

A series of sloped ceiling fire tests and sprinkler spray distribution tests were performed at 

Hughes Associates, Inc (HAI) to aid in the development of model inputs for FDS modeling of 
full scale fires under sloped and or sloped and beamed configurations. 

 
4.1 Spray Distribution Testing 

 

Currently, few sprinklers have had detailed measurements made of spray distributions (drop size 
and velocity as a function of spherical angle).  Any listed sprinkler has had its delivered density 

to the floor measured during its listing test.  This leads to two issues with regards to modeling of 
sloped ceiling scenarios. 

 



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

6 

1. A pendent sprinkler mounted on a sloped ceiling should be rotated so that the plane of its 

orifice is parallel to the slope.  Otherwise water spray will impact the downward slope.  

Rotating the sprinkler in this manner will have an impact on the spray distribution and 

may impact the spacing.  Is the recommended manner of determining spacing in 13 D 

appropriate? 

2. If an FDS model is created that replicates the delivered density data for a flat ceiling test 

(e.g. as measured in UL 1626), will that model make reasonable predictions of delivered 

density if the sprinkler is placed on a slope? 

To answer these questions, a test rig was constructed to allow the measurement of delivered 
density from a commercially available pendent and sidewall sprinkler nozzle as a function of 

ceiling slope angle and proximity to beams.  Appendix A contains a complete description of the 

spray testing and related FDS modeling.  These tests established that the general requirements in 
NFPA 13D on spacing were appropriate.  It was also shown that an FDS model that reproduced 

the flat floor measurements could be used to reasonably represent the spray pattern on a sloped 
ceiling (with and without beams).  

 

4.2 Sloped Ceiling Fire Testing 
 

A series of fire tests were performed using a sloped ceiling, corridor test configuration.  Fire 
location (corner, wall, and room center) was varied as was the presence of beams.   A primary 

goal of this testing was to provide data against which potential FDS gridding strategies could be 

tested.  Appendix B contains a complete description of the fire testing and related FDS modeling. 
 

5.0 FDS Modeling Plan 
 

A test matrix of 76 FDS simulations was created to examine the impact of slope, beams, room 

size, and wall openings on sprinkler performance.  The following sections discuss the 
development of a heat release curve for the simulations, the simulation matrix, details of the FDS 

geometry and sprinkler inputs, and results. 
 

5.1 Heat Release Rate 

 
In an effort to define the heat release rate curve to be used in the model, a literature search was 

performed.  Although many reports exist documenting the types of materials involved in actual 
fire events, it was not possible to use this information to determine typical heat release rates for 

residential fires.  Reports detailing residential sprinkler test series proved to be the best source 

for heat release data.  Two reports in particular were examined.  They include a report covering a 
fire test series conducted by UL for Tyco [8] to address residential sprinkler installations on 

steeply sloped ceilings and a status report from UL regarding residential fire test research [10]. 
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The Tyco testing was performed with a fire package representative of a typical living room.  The 
fuel package included: 

 

• Upholstered armchair comprised of wood frame, metal springs, and 100% polyurethane 

fabric and cushioning, 

• Upholstered couch with similar construction to the armchair, 

• Small table constructed of particle board with a wood veneer, 

• Waste basket with shredded paper (ignition point), and 

• Simulated large table constructed of plywood. 

The heat release rate curve was obtained by burning the fuel package under UL’s calorimeter.  It 

should be noted that the heat release rates measured in the large open area of the calorimeter will 

differ from a fire in an enclosed room.  Figure 1 illustrates the arrangement of the furniture, and 
the heat release rate curve is shown in Figure 2. 

 

 
Figure 1. Furniture Configuration 
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Figure 2. Measured Heat Release Rate for Fuel Package 
 

The heat release rates shown in Figure 3 were provided in the UL status report.  Unfortunately, 
not much detail is presented on the fuel package or test conditions of either the UL1626 fire test 

or the FMRC fire test.  It is suspected that the UL1626 fuel package documented in the status 

report was the same as that outlined in the UL standard, but this could not be confirmed.  As 
illustrated in Figure 2, the heat release rate of the FMRC test develops somewhat slower.  

However, once the heat release begins to grow rapidly, the slope of the curve approaches that of 
the UL1626 test curves.  
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Figure 3. Measured Heat Release Rate for Fuel Package 

 

 
The Tyco test data includes the recorded heat release rate from ignition and is allowed to grow 

until the fuel package burns itself out.  Unfortunately, the UL and FMRC test data are not 
complete, which for the purpose of the listing tests is adequate as sprinkler activation should be 

occurring long before burnout.  However, enough data are present to compare against the Tyco 

heat release rate curve.  Although not identical, the slope of the Tyco data curve is similar to that 
of the UL1626 and FMRC tests when the heat release rate is rapidly growing.  Given that the 

UL1626 and FMRC curves are incomplete, the Tyco heat release curve appeared to be the best 
input for the model. Therefore, this curve was digitized and simplified to serve as a model input 

as shown in Figure 4.  
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Figure 4. Replicated Tyco Heat Release Rate for Use as FDS Input 
 

5.2 FDS Test Matrix 
 

The simulation matrix included 76 permutations.  The variables include the length of the room 

(16 or 24 ft), the angle of the slope (4/12 (18°), or 8/12,(34°)), whether the ceiling has a single or 
double slope (i.e. roof peak along the center of the room), whether beams are present, beam 

orientation (up slope or across slope), whether an opening in the upper wall is present and the 
location of the fires (corner, wall or center).  Two doors were located in the room.  All beams 

were 6 inches x 12 inches in cross section.  For the 16 ft wide room there was one up slope 

beam, and for the 24 ft wide room there were two up slope beams.  Similarly, for the 8/12 slope 
there was one across slope beam, and for the 4/12 there two across slope beams. Figure 5 and 

Figure 6 show the basic room geometries for the 4/12 and 8/12 slopes.  A 16 ft x 16 ft sprinkler 
spacing was used.  Table 2 contains a summary of the FDS simulations performed. 
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Figure 5. Single-slope room geometry for 4/12 slope 

 

 
Figure 6. Single-slope room geometry for 8/12 slope 
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Table 2. FDS Test Matrix 

 
 
5.3 FDS Inputs 

 
The room geometry was meshed using a multiple-mesh strategy.  The region around the fire and 

along the ceiling was meshed using a 5 cm (2 in) grid.  The remaining portion of the room was 

meshed using a 10 cm grid.  At each doorway a 1 m region was modeled outside the room to 
avoid boundary effects associated with having an open pressure boundary condition right at the 

edge of the compartment opening.   
 

The fire source was defined to occupy an equal area foot print as the Tyco fuel package.  So that 

early time period fire plumes were not overly diffuse, the fire source was divided into four 
subregions.  As the fire grew in one subregion to its maximum heat release per unit area, growth 

in another subregion would be turned on, in essence providing a coarse zeroth order flame 
spread. 

 

Both the meshing strategy and the fire source are depicted in Figure 7 for the 16 ft wide room 
with a 4/12 slope. 

Run # Type Slope Width Beams Vent # Heads Fire Run # Type Slope Width Beams Vent # Heads Fire

1 P 4S 16 N N 2 Corner 39 P 8D 16 N N 2 End

2 P 4S 16 N N 2 Corner 40 P 8D 16 U N 4 Corner

3 P 4S 16 N Y 2 End 41 P 8D 16 U N 4 Center

4 P 4S 16 U N 3 Corner 42 P 8D 16 U N 4 End

5 P 4S 16 U Y 3 Corner 43 S 8D 16 N N 2 Corner

6 P 4S 16 U N 3 End 44 S 8D 16 N N 2 Center

7 S 4S 16 N Y 3 Corner 45 S 8D 16 N N 2 End

8 S 4S 16 N N 3 Corner 46 S 8D 16 U N 4 Corner

9 S 4S 16 N N 3 End 47 S 8D 16 U N 4 Center

10 S 4S 16 U N 4 Corner 48 S 8D 16 U N 4 End

11 S 4S 16 U Y 4 Corner 49 P 4S 24 N N 4 End

12 S 4S 16 U N 4 End 50 P 4S 24 U N 6 End

13 P 8S 16 N N 1 Corner 51 P 4S 24 A N 6 End

14 P 8S 16 N Y 1 Corner 52 S 4S 24 N N 4 End

15 P 8S 16 N N 1 End 53 S 4S 24 U N 4 End

16 P 8S 16 U N 2 Corner 54 S 4S 24 A N 6 End

17 P 8S 16 U Y 2 Corner 55 P 8S 24 N N 2 End

18 P 8S 16 U N 2 End 56 P 8S 24 U N 3 End

19 S 8S 16 N N 1 Corner 57 P 8S 24 A N 4 End

20 S 8S 16 N N 1 Corner 58 S 8S 24 N N 2 End

21 S 8S 16 N N 1 End 59 S 8S 24 U N 2 End

22 S 8S 16 U N 2 Corner 60 S 8S 24 A N 4 End

23 S 8S 16 U N 2 Corner 61 P 4D 24 N N 8 End

24 S 8S 16 U N 2 End 62 P 4D 24 N N 8 Center

25 P 4D 16 N N 4 Corner 63 P 4D 24 U N 12 End

26 P 4D 16 N N 4 Center 64 P 4D 24 U N 12 Center

27 P 4D 16 N N 4 End 65 S 4D 24 N N 8 End

28 P 4D 16 U N 8 Corner 66 S 4D 24 N N 8 Center

29 P 4D 16 U N 8 Center 67 S 4D 24 U N 8 End

30 P 4D 16 U N 8 End 68 S 4D 24 U N 8 Center

31 S 4D 16 N N 4 Center 69 P 8D 24 N N 4 End

32 S 4D 16 N N 4 Corner 70 P 8D 24 N N 4 Center

33 S 4D 16 N N 4 End 71 P 8D 24 U N 6 End

34 S 4D 16 U N 8 Corner 72 P 8D 24 U N 6 Center

35 S 4D 16 N N 8 End 73 S 8D 24 N N 4 End

36 S 4D 16 U N 8 Corner 74 S 8D 24 N N 4 Center

37 P 8D 16 N N 2 Corner 75 S 8D 24 U N 4 End

38 P 8D 16 N N 2 Center 76 S 8D 24 U N 4 Center
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Figure 7. FDS meshing for 4/12 slope, 16 ft room 

 

The sprinklers were defined using the spray pattern developed in the small scale testing 
discussed in Appendix A.  Based on the activation temperature and bulb diameter an RTI of 

36 (ms)
1/2

 was selected along with an operating temperature of 155 °F (68 °C).  Two approaches 
to the heat release rate were used in modeling.  In the first approach, no credit was taken for the 

sprinkler operations (i.e. the fire was allowed to grow unabated).  This results in a worst case 

sprinkler operation timeline.  In the second approach, the heat release rate curve was multiplied 
by an exponential decay with a one minute period following the first activation.  This results in a 

fire curve that continues to grow for a short period after activation (albeit at a slower rate) until 
the exponential decay exceeds the fire growth rate.   

 

5.4 FDS Results 
 

Results of the FDS simulations are shown in Table 3 through Table 6.  The simulations in the 
tables do not include any effect of fire suppression from the water spray. Predicted operation 

times for up to the first four sprinklers are shown.  The tables also show the ceiling and eye level 

temperature in the center of the room at the first operation time.  Of primary interest in the 
results is the successive delay in operation from sprinkler to sprinkler.  If modeling results show 

rapid operation (i.e. within a few seconds) of a number of sprinklers, then there is a higher 
likelihood of multiple operations when suppression is accounted for.  If modeling results show a 

significant delay in operation from sprinkler to sprinkler, then it becomes more likely that 
suppression would act to further delay or even prevent all together additional operations. In those 

cases where sprinkler operation is limited to one or two sprinklers, adequate performance of the 

sprinkler system would be expected. 
 

In the tables, when the operation time of the third sprinkler is less than 30 s beyond the first two 
sprinklers its time is underlined.  Additionally, tests with the third operation within 30 s of the 

first have the notation S for Sidewall or C for Center fire location added as a superscript to the 

test number.  It can be seen that all cases with short operation delays are either sidewall nozzles 
or center fire locations. 
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Table 3. 16 ft wide room, single slope results 

Test # Num of 

sprinklers 

Operation time [s] Temp at op. [°C] 

Sprk 1 Sprk 2 Sprk 3 Sprk 4 Sprk 5 Sprk 6 Ceiling 1.6 m 

16 ft room, single slope 18.4°             

1 2 173 202         130 66 

2 2 182 256         130 30 

3 2 183 240         137 68 

4 3 156 202 259       125 52 

5 3 168 253 331       120 40 

6 3 177 204 230       113 68 

7 2 216 227         160 70 

8 2 278 290         130 32 

9 2 179 230         100 55 

10 4 143 143 224 242 271   80 40 

11 4 155 155 298 376 437   70 28 

12
S 

4 178 178 196 248 260   90 55 

16 ft room, single slope 33.7°             

13 1 171           125 65 

14 1 191           90 25 

15 1 174           110 67 

16 2 155 217         102 44 

17 2 163 396         90 26 

18 2 164 211         105 62 

19 1 179           135 65 

20 1 282           142 37 

21 1 206           138 85 

22 2 149 205         88 50 

23 2 164 365         70 31 

24 2 193 204         115 67 
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Table 4. 16 ft wide room, double slope results 

Test # Num of 

sprinklers 

Operation time [s] Temp at op. [°C] 

Sprk 1 Sprk 2 Sprk 3 Sprk 4 Sprk 5 Sprk 6 Ceiling 1.6 m 

16 ft room, double slope 18.4°             

25 4 195 210 258 318     115 50 

26 4 212 233 269 329     93 58 

27 4 210 256 272 293     87 58 

28 8 158 212 256 280 311 344 90 36 

29
C 

8 207 216 233 239 319 320 92 57 

30 8 202 223 236 256 284 315 80 51 

31
SC 

4 246 248 251 294     150 65 

32
 

4 214 217 274 293     97 60 

33 4 183 254 279 323     79 52 

34 8 146 238 274 280 290 321 67 37 

35
S 

8 213 213 220 221 303 323 95 60 

36 8 177 191 251 279 292 308 70 48 

16 ft room, double slope 33.7°             

37 2 192 197         135 58 

38 2 187 223         91 70 

39 2 177 255         100 60 

40 4 157 217 238 245     97 44 

41 4 182 203 219 252     87 67 

42 4 177 196 250 256     95 55 

43 2 214 215         172 62 

44 2 205 209         108 80 

45 2 194 239         115 60 

46 4 142 238 244 254     90 45 

47
SC 

4 196 201 211 229     95 77 

48 4 193 204 235 260     110 58 
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Table 5. 24 ft wide room, single slope results 

Test # Num of 

sprinklers 

Operation time [s] Temp at op. [°C] 

Sprk 1 Sprk 2 Sprk 3 Sprk 4 Sprk 5 Sprk 6 Ceiling 1.6 m 

24 ft room, single slope 18.4°             

49 4 202 211 247 256     110 56 

50 6 183 224 258 278 295 298 100 51 

51 6 169 181 242 255 284 293 90 45 

52 4 207 208 236 238     120 57 

53 4 238 241 274 284     150 73 

54
S 

6 198 208 216 238 293 295 120 57 

24 ft room, single slope 33.7°             

55 2 186 194         110 57 

56 3 186 230         88 56 

57 4 161 191 212 213     110 50 

58 2 200 200         132 63 

59 2 186 200         120 60 

60
S 

4 196 198 213 216     140 60 
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Table 6. 24 ft wide room, double slope results 

Test # Num of 

sprinklers 

Operation time [s] Temp at op. [°C] 

Sprk 1 Sprk 2 Sprk 3 Sprk 4 Sprk 5 Sprk 6 Ceiling 1.6 m 

24 ft room, double slope 18.4°             

61 8 221 226 271 274 311 317 105 46 

62
C
 8

 
222 224 233 235 325 333 95 45 

63 12 202 238 265 272 277 277 91 36 

64 12 220 230 261 263 270 283 100 48 

65 8 223 228 261 266 309 312 110 49 

66
SC

 8
 

235 237 238 240 309 320 100 50 

67 8 278 287 292 300 305 308 152 64 

68 8 261 269 275 278 278 281 120 60 

24 ft room, double slope 33.7° 

69 4 198 200 258 262     120 55 

70
C
 4

 
206 213 218 219     100 65 

71 6 194 234 237 247 266 275 102 50 

72
C
 6

 
200 226 228 254 264 276 100 55 

73 4 224 229 247 247     130 62 

74 4 216 223 235 244     110 65 

75
S
 4

 
238 238 240 241     150 67 

76
SC 

4
 

233 240 243 260     120 71 

  

Twenty Eight of the 76 simulations had only one or two sprinklers present.  In the remaining 48 
simulations, 14 had the third sprinkler operate within 30 s of the first sprinkler.  This short delay 

indicates that suppression from the first two sprinklers may not have reduced the fire size quickly 

enough to prevent further operations.  In all cases the first operation was prior to a fire size of 
500 kW, and in all cases eye level temperatures were below 200 °F (93.3 °C) and ceiling 

temperatures below 600 °F (316 °C).   
 

The following observations are made based on these results: 

 
• Un-beamed ceilings with a double slope could result in a rapid sequence of operation of 

all four sprinklers when exposed to a fire centered among the four sprinklers and directly 

under the roof peak.  This is due to the proximity of all four sprinklers to the same 

temperature exposure.  And, while the water flow rate from each of the four sprinklers 

will be lower than the flow rate if  one or two sprinklers operated, it is hypothesized that  

pre-wetting of the surrounding area will prevent significant fire growth or spread away 

from  the initial burning fuel package.   

• Cases with an upper level vent (3, 5, 7, 11, and 17) had on average longer delays between 

the first and second operation.  This results from the removal of heat from the room 
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through the vent.  In all cases however, the first sprinkler operated within four minutes 

(well before hazardous conditions develop in the room) and the second within seven 
minutes.   

• Cases with beams generally resulted in a faster time to the first sprinkler operation.  The 
exceptions are when the fire is split across a beam in which case there is a slight delay. 

• Sprinkler operation time on the far side from the fire of an across slope beam is little 
changed from a case with no beams. 

• Sprinkler operation time on the far side from the fire of an up slope beam shows a slight 
delay. 

• Rooms with sidewall sprinklers on both walls (due to the room width) may have more 
than two sprinkler operations. 

A subset of 11 simulations were rerun using a modified heat release curve.  Depending upon the 

activation time from the first set of simulations, the heat release rate was modified following the 

first operation to include the effects of suppression. The results are summarized below in Table 
7.  Numbers in (red) are the results from the first set of simulations.  As can be seen, if the initial 

sprinkler is effective, operation times for subsequent sprinklers are increased and in the cases 
with four or more sprinklers, only two or three sprinkler operations are predicted.   

 

Table 7. Results of simulations including suppression 

 

Test # 

Num of 

sprinklers 

Activation time [s] 

Sprk 1 Sprk 2 Sprk 3 Sprk 4 Sprk 5 Sprk 6 

16 ft room, single slope 18.4° 

3 2 193 301 (240) 
    

5 3 167 (204) (230) 
   

10 4 149 (224) (242) (270) 
  

12 4 180 204 (196) (248) (260) 
  

16 ft room, single slope 33.7° 

16 2 162 (217) 
    

22 2 149 (205) 
    

16 ft room, double slope 18.4° 

30 8 202 249 (223) 287 (236) (256) (284) (315) 

16 ft room, double slope 33.7° 

41 4 186 195 253 (219) (256) 
  

24 ft room, single slope 18.4° 

51 6 174 175 (181) (242) (255) (284) (293) 

54 6 205 214 (208) 244 (216) (238) (293) (295) 

24 ft room, single slope 33.7° 

57 4 172 188 (212) (213) 
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From these results, a full scale test plan was developed to address: 

 

• The performance of sprinklers on a sloped ceiling as compared to the objectives of the 

NFPA 13D standard. 

• The performance of sprinklers when more than two sprinklers operate. 

• The number of sprinklers that operate when room configuration (size and/or beams) 

results in more than two sprinklers being installed 

• The impact of beams on sprinkler operation and performance 

 

6.0 FULL SCALE TESTING 
 
Based upon the results of the FDS modeling, a test matrix of 12 tests was assembled. The 

primary objectives of the test program were (1) to examine cases where the modeling indicated 
the potential for more than two sprinklers to operate, and (2) to provide limited model validation. 

Fuel location, type and number of sprinklers, type and number of beams, room width, room 

slope, and the presence of a combustible wall lining were varied over the tests.  Each of the 12 
tests was run at full scale at UL’s test facility in Northbrook, IL using a furniture grouping 

similar to the FM test.  Table 8 lists the 12 tests that were performed. 
 

Table 8. Full Scale Test Matrix 

Test 

# 

Room 

Width 

(ft) 

Slope 
Sprinkler Type 

+ Quantity 

Beams + 

Quantity 
Fire Location 

Combustible 

Wall Lining 

Flowrate 

(gpm 1
st
/2

nd
) 

1 16 4/12 Pendent-2 None Corner low No 18/26 

2 16 4/12 Sidewall-2 None Corner low No 24/34 

3 16 4/12 Pendent-4 Upslope-1 Centered low No 18/26 

4 16 4/12 Sidewall-4 Upslope-1 Centered low No 24/34 

5 24 4/12 Pendent-4 None Centered low No 18/26 

6 24 4/12 Sidewall-4 None Centered high No 24/34 

7 24 4/12 Sidewall-4 None Room center No 24/34 

8 24 4/12 Pendent-6 Across-2 Centered low No 18/26 

9 24 4/12 Pendent-6 Upslope-2 Centered beam No 18/26 

10 24 8/12 Sidewall-4 Upslope-1 Centered low No 20/28 

11 16 8/12 Pendent-2 None Corner low Yes 18/26 

12 16 8/12 Sidewall-2 None Corner low Yes 24/34 

 

6.1 Fuel Package 
 

6.1.1 Fuel Package Layout 

It was decided to use actual furniture instead of furniture mock-ups in order to make the tests 
more representative of actual residential fuel loads.  The project technical panel recommended to 

design of a fuel package to replicate the 1982 residential fire tests performed by FM in Los 
Angeles [11].  This fuel package consisted of a polyurethane foam on wooden frame, sofa and 



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

20 

armchair, an end table and coffee table constructed of veneered particle board, and a metal trash 

can filled with shredded paper.  The dimensions of the original furniture grouping are shown in 
Figure 8.  This package may not be fully representative of a kitchen fire (a frequently occurring 

room of origin per NFIRS); however, it is representative of fuel loads in rooms where fires are 
most likely to result in fatalities.  And, in the Los Angeles fire tests the kitchen fire scenarios 

were readily suppressed by sprinklers that were designed to suppress or control a corner 

upholstered furniture fire scenario. 
 

 

Figure 8. Furniture layout for the 1982 Los Angeles tests  

There were difficulties in obtaining sufficient quantities of furniture that matched the exact 

dimensions of the original furniture package.  For everything but the end table, the dimensions 

that were available were close to the original dimensions.  The end table that could be obtained 
was significantly smaller then the original end table.  The fuel package used in the tests is shown 

in Figure 9 and Figure 10.  The trash can is a metal mesh basket filled with approximately 230 g 
of shredded paper (Figure 11). 

 

End Table

36 x 36

12

Coffee Table

36 x 18

Sofa

72 x 33

Chair

36 x 33

6

3

3
3

Paper filled wastebasket

6

10
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Figure 9. Diagram of furniture layout for the 2010 full scale tests 

 

 

Figure 10. Image of furniture layout for the 2010 full scale tests 



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

22 

 

Figure 11. Paper filled trash can 

 

6.1.2 Ignition 

The test plan called for the furniture to be ignited by starting a fire in the trash can.  It was 
quickly determined that this was not a reliable method of ensuring the sustained ignition of the 

chair.  The ignition method was modified to add a cotton wick saturated with 4 oz of gasoline in 
addition to the paper filled trash can.  The cotton wick was placed on the floor between the trash 

can and the chair, Figure 12.  An electric match was used to ignite the wick which then resulted 

in ignition of both the chair and the wastepaper. 
 

 

Figure 12. Gasoline soaked cotton wick and electric match 
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6.1.3 Calorimetry 

Four oxygen calorimetry tests were performed on the furniture package.  These tests included 
two tests with the furniture against a wall, one test with the furniture in a corner, and one test 

with the furniture in a corner with a combustible wall lining.  Two wall tests were performed to 
demonstrate the repeatability of the tests.  Calorimetry results and test layout images are shown 

in Figure 13 through Figure 16.  As can be seen the tests are repeatable and there is little change 

in the fire growth (for the non-combustible wall lining) for a wall location vs. a corner location. 
 

 

Figure 13. Non-combustible wall lining, wall calorimetry tests 

 

Figure 14. Non-combustible wall lining, corner calorimetry test 

 
 

0

1000

2000

3000

4000

5000

6000

0 200 400 600 800 1000 1200

H
e

a
t 

R
e

le
a
s
e

 R
a
te

 (
k

W
)

Time (s)

0

1000

2000

3000

4000

5000

6000

0 200 400 600 800 1000 1200

H
e

a
t 

R
e

le
a
se

 R
a

te
 (

k
W

)

Time (s)



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

24 

 

Figure 15. Combustible wall lining, corner calorimetry test 

 

 

Figure 16. All calorimetry tests 

6.2 Sprinklers 
 

The full-scale tests used either a recessed pendent or a horizontal sidewall sprinkler.  Sprinkler 

piping was laid out as a tree system.  A manifold pipe ran along the top of the low end wall to 
which was attached up slope branch lines.  Only those branch lines needed for the current test 

were attached and other piping connection locations were blocked off, Figure 17.    
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Figure 17. Riser, manifold, and branch lines 

NFPA 13D requires a system to be designed based on a two sprinkler water discharge rate.  

During testing the flow rates were set to flow the manufacturer’s required flow rate for a two 
sprinkler discharge for the particular room size being tested.  The flow rate for a single sprinkler 

was set to 70 % of the total flow rate for a two sprinkler discharge.  This increased flow rate per 

sprinkler (but overall reduced total flow rate) is representative of the behavior expected in a 
typical installation.  Flow rates were established using a flow meter and valve arrangement in the 

riser, Figure 18.  The output of the flow meter was connected to a y-pipe with both legs 
containing globe valves.  The y-pipe fed into a common pipe which split again at another y-pipe.  

This pipe either fed the manifold pipe on the roof or fed two sprinklers with quarter-turn valves.  

By flowing water through lower leg of the post-meter y-pipe and one sprinkler, the globe valve 
for that leg could be adjusted to give the desired flow rate for a single sprinkler.  By opening the 

quarter-turn valves for the upper leg and the second sprinkler, the second globe valve could be 
set to give the desired flow rate for two sprinklers. During testing this allowed for quick 

establishment of the desired flow rates as only small globe valve adjustments were needed for 

the additional flow loss to the discharging sprinkler. 
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Figure 18. Riser and valve arrangement for establishing sprinkler flow rates 

6.3 Test Layouts 

 
6.3.1 Instrumentation 

Each test was instrumented to provide measurements of combustion gases, smoke obscuration 

and temperature.  A summary of the instrumentation is shown in Table 9. 
  



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

27 

 

Table 9. Test instrumentation 

Type Location 

Obscuration 6” from the top of the high wall doorway 

Obscuration 5’ 3” above the floor in the high wall corner, 3’ from each wall  

Gas (O2, CO, CO2) 6” from the top of the high wall doorway 

Gas (O2, CO, CO2) 5’ 3” above the floor in the high wall corner, 3’ from each wall  

Thermocouple 1” from each sprinkler positioned to be wetted by spray 

Thermocouple Tree 0.25”above the ceiling, 3” below the ceiling, 12” below the ceiling, and 
5’ 3” above the floor in the high wall corner, 7” from each wall 

Thermocouple Tree 0.25”above the ceiling, 3” below the ceiling, 12” below the ceiling, and 

5’ 3” above the floor in the low wall corner, 7” from each wall 

Thermocouple Tree 0.25”above the ceiling, 3” below the ceiling, 12” below the ceiling, and 

5’ 3” above the floor centered 7” off of the low wall  

Thermocouple Tree 0.25”above the ceiling, 3” below the ceiling, 12” below the ceiling, and 

5’ 3” above the floor centered in the room 

 
 

6.3.2 Room Layouts 

The figures in this section show the as-built layouts for each of the 12 full scale tests. 

 

 

 

Figure 19. Test 1 – 16 ft width, 4/12 slope, no beam, 2 pendent sprinklers, corner fire location 
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Figure 20. Test 2 – 16 ft width, 4/12 slope, no beam, 2 sidewall sprinklers, corner fire location 

 

 

Figure 21. Test 3 – 16 ft width, 4/12 slope, 1 up slope beam, 4 pendent sprinklers, fire centered 
on low wall 



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

29 

 

Figure 22. Test 4 – 16 ft width, 4/12 slope, single up slope beam, 4 sidewall sprinklers, fire 

centered on low wall 

 

 

Figure 23. Test 5 – 24 ft width, 4/12 slope, no beam, 4 pendent sprinklers, fire centered on low 

wall 
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Figure 24. Test 6 – 24 ft width, 4/12 slope, no beam, 4 sidewall sprinklers, fire centered on high 

wall 

 

Figure 25. Test 7 – 24 ft width, 4/12 slope, no beam, 4 sidewall sprinklers, fire centered in room 
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Figure 26. Test 8 – 24 ft width, 4/12 slope, 2 across slope beams, 6 pendent sprinklers, fire 

centered on low wall 

 

Figure 27. Test 9 – 24 ft width, 4/12 slope, 2 up slope beams, 6 pendent sprinklers, fire centered 
on beam 
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Figure 28. Test 10 – 24 ft width, 8/12 slope, 1 across slope beam, 4 sidewall sprinklers, fire 
centered on low wall 

 

Figure 29. Test 11 – 16 ft width, 8/12 slope, no beam, 2 pendent sprinklers, corner fire location, 

combustible walls 
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Figure 30. Test 12 – 16 ft width, 8/12 slope, no beam, 2 sidewall sprinklers, corner fire location, 

combustible walls 

6.4 Full Scale Test Results 

 

6.4.1 Overview 

The results of the full scale tests confirmed that several beam and slope configurations identified 

during the modeling effort will cause more than two sprinklers to operate under the fire scenario 
selected for these tests.  Given that this potential exists, the results were evaluated to determine 

whether or not the installed sprinkler systems were capable of providing adequate performance.  

The evaluation was based on (1) the stated objectives for system performance in NFPA 13D, and 
(2) the temperature criteria in UL 1626.  

  
The stated objectives in NFPA 13D can be found in paragraph 1.2.2, which in summary states 

that an NFPA 13D system is expected to prevent flashover in the room of origin and improve the 

chance for occupants to escape or be evacuated.  In evaluating the results of the full scale tests, 
these objectives were the primary criteria.   In addition, several temperature criteria in UL 1626 

were also used to screen the results.  The key criteria from UL 1626 included the following: 
 

• <500 °F (260 °C) at 0.25 in. above the ceiling 

• <600 °F (316 °C) at 3 in. below the ceiling 

• <200 °F (93 °C) at 5 ft 3 in. above the floor 

• <130 °F (54.4 °C) for more than 2 minutes at 5 ft 3 in. above the floor  
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The full scale test results are summarized in Table 10.  Included are the number of sprinklers that 

operated and the times of operation as well as the relevant peak temperature measurements. It 
should be noted that the UL criteria are considered very conservative relative to the NFPA 13D 

objectives.  A 600 °F (260 °C) peak gas temperature in the presence of a water spray from an 
operating sprinkler system is not expected to result in flashover conditions.  In fact, flashover 

conditions are normally associated with temperatures in the 932 °F (500 °C) to 1112 °F (600 °C) 

range.  In addition, while uncomfortable, under the humidity conditions expected in a fire with 
sprinklers operating (<10% [4]) occupants should be capable of tolerating gas temperatures in 

the vicinity of 212 °F (100 °C) for limited periods of time typically associated with leaving the 
room of origin [5].  
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Table 10. Overview of full-scale test results 

Test 

Operation Time (min:sec) Peak Temperatures (°F) Time 
above 

130 °F 
(min:sec) 

1st 2nd 3rd 4th 
Ceiling 

above fire 

(500 °F) 

3” below 
ceiling 

(600 °F) 

5’3” above 
floor 

(200 °F) 

1 2:06 3:21   106 
222 
209 

205 

115 
109 

105 

0:00 
0:00 

0:00 

2 3:57 4:05   120 

349 

313 

292 

186 

175 

155 

1:53 

2:45 

1:18 

3 1:56 DNO
+ 

DNO DNO 77 

188 

175 
149 

118 

94 
89 

0:00 

0:00 
0:00 

4 2:17 DNO DNO DNO 84 

204 

189 
171 

151 

114 
98 

0:00 

0:00 
0:00 

5 2:49 3:38 3:43 3:43 134 
559 
474 

368 

264 
234 

178 

5:58 
4:22 

3:14 

6 2:49 2:51 3:44 DNO 100 
279 
271 

181 

157 
147 

140 

2:17 
1:11 

1:36 

7 3:27 3:29 3:48 3:52 108 

321 

350 

214 

195 

137 

130 

2:06 

0:52 

0:00 

8 2:42 DNO DNO DNO 90 

180 

165 
152 

120 

109 
101 

0:00 

0:00 
0:00 

9 2:08 DNO DNO DNO 83 

181 

144 
128 

117 

96 
92 

0:00 

0:00 
0:00 

10 2:58 2:59 3:51 3:54 88 
322 
224 

222 

148 
137 

124 

1:20 
0:43 

0:00 

11 2:40 5:30   103 
456 
304 

227 

191 
167 

158 

1:58,1:44
* 

1:26,1:26
*
 

1:06 

12 3:29 DNO   97 

367 

280 

238 

216 

184 

174 

4:51 

2:13,1:19
* 

1:48 
+
DNO = did not operate 

*
Two separate excursions above 130 °F. 
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The following observations are noted from the summary data: 
 

• Of the eight tests with more than two sprinklers installed in the test room, four had more 

than two sprinklers operate.  In the other four tests, only one sprinkler operated. 

• Of the four tests with two sprinklers installed, only one test had a single sprinkler operate. 

• No test exceeded either the upper layer or ceiling temperature criteria from UL 1626. 

• Two tests had temperatures at eye level exceed 200 °F; however, no test exceeded 200 F 

at the center thermocouple rake (equivalent to the location monitored by UL 1626). 

• Five tests had temperatures exceed 130 °F at eye level for more than two minutes; 

however, only one test did so at the center thermocouple rake. 

• Tests with beams had better overall performance than tests without 

• The presence of a combustible wall lining did not result in significantly worse 

performance than tests without.  Temperatures were higher than average; however, it was 

also the smallest room size which in itself would be expected to result in higher 

temperatures. 

• The times to first operation are consistent with the times seen in the FDS calculations. 

6.4.2 Post-test Damage Assessment 

Figures 31 - 42 show the end of test damage to the furniture.  No test resulted in sustained 

burning of the sofa or end table.  Typically, the edge of the end table facing the chair was charred 

in the tests and the corner of the sofa closest to the chair had minor damage to the fabric.  In the 
two tests with a combustible wall lining, charring of the wall was confined to a small region 

adjacent to the back of the chair. 
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Figure 31. Test 1 damage 

 

Figure 32. Test 2 damage 
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Figure 33. Test 3 damage 

 

Figure 34. Test 4 damage 
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Figure 35. Test 5 damage 

 

Figure 36. Test 6 damage 
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Figure 37. Test 7 damage 

 

Figure 38. Test 8 damage 
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Figure 39. Test 9 damage 

 

Figure 40. Test 10 damage 
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Figure 41. Test 11 damage 

 

Figure 42. Test 12 damage 



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

43 

6.4.3 Delivered Density 

Following each test, delivered density measurements were made of the footprint of the furniture.  
A 12 x 12 array of 1 ft

2
 pans were placed over the floor area occupied by the furniture during the 

test.  Measurements were made starting with the post-test set of operated sprinklers followed by 
blocking off sprinkler locations in reverse order of activation.  Figure 43 through Figure 54 show 

the delivered density measurements for the 12 tests along with the furniture footprint vs. the pan 

locations.  For tests with multiple activations, if activations were coincident in time, then only 
the end measurement is shown (i.e. if the second and third activations were within a couple of 

seconds then only the measurement for three sprinklers is shown. 
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Figure 43. Test 1 delivered density measurements (One sprinkler top right, two sprinklers bottom 

left) 

3 in.

Sofa

Coffee Table

End

Table

T.C.

C
h

a
ir

0.03 0.04 0.03 0.02 0.03 0.07 0.07 0.10 0.07 0.09

0.02 0.04 0.04 0.03 0.02 0.05 0.05 0.05 0.04 0.07

0.03 0.03 0.04 0.03 0.03 0.06 0.05 0.05 0.04 0.08

0.04 0.04 0.04 0.03 0.03 0.04 0.04 0.05 0.04 0.05

0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04

0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.03

0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.03 0.04 0.03

0.04 0.04 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.04

0.04 0.03 0.03 0.03 0.02 0.02 0.03 0.03 0.04 0.05

0.04 0.03 0.03 0.02 0.02 0.03 0.07 0.06 0.03 0.04

0.03 0.04 0.03 0.02 0.03 0.06 0.06 0.10 0.07 0.04

0.02 0.04 0.03 0.02 0.02 0.03 0.05 0.04 0.03 0.04

0.03 0.04 0.04 0.02 0.02 0.03 0.03 0.03 0.03 0.03

0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.04 0.03 0.03

0.05 0.05 0.05 0.05 0.04 0.04 0.03 0.04 0.05 0.03

0.05 0.05 0.06 0.06 0.06 0.05 0.04 0.04 0.04 0.04

0.05 0.05 0.05 0.07 0.07 0.06 0.04 0.04 0.05 0.05

0.06 0.04 0.05 0.06 0.07 0.05 0.04 0.04 0.05 0.06

0.05 0.04 0.04 0.05 0.06 0.05 0.10 0.14 0.05 0.06

0.05 0.04 0.03 0.04 0.04 0.05 0.18 0.25 0.05 0.04
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Figure 44. Test 2 delivered density measurements (One sprinkler top right, two sprinklers bottom 

left) 

3 in.

Sofa

Coffee Table

End

Table

T.C.

C
h

a
ir

0.09 0.06 0.06 0.06 0.06 0.06 0.04 0.04 0.04 0.15

0.07 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05

0.05 0.03 0.04 0.04 0.04 0.04 0.04 0.05 0.08 0.05

0.03 0.03 0.03 0.04 0.05 0.06 0.06 0.07 0.07 0.04

0.04 0.03 0.04 0.06 0.07 0.08 0.09 0.09 0.08 0.05

0.06 0.04 0.05 0.07 0.11 0.11 0.12 0.11 0.10 0.08

0.06 0.03 0.03 0.05 0.08 0.12 0.13 0.13 0.12 0.10

0.04 0.03 0.03 0.03 0.03 0.05 0.07 0.09 0.10 0.09

0.04 0.03 0.02 0.03 0.03 0.03 0.03 0.04 0.05 0.06

0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.04

0.07 0.05 0.05 0.06 0.05 0.04 0.02 0.02 0.02 0.02

0.05 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.03

0.04 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.04

0.04 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.04 0.05

0.05 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.06 0.06

0.08 0.05 0.05 0.08 0.09 0.08 0.08 0.08 0.08 0.08

0.10 0.06 0.06 0.10 0.14 0.14 0.12 0.12 0.10 0.09

0.10 0.06 0.05 0.05 0.07 0.10 0.10 0.09 0.08 0.08

0.07 0.05 0.05 0.04 0.04 0.04 0.05 0.06 0.08 0.07

0.07 0.05 0.05 0.04 0.04 0.03 0.03 0.08 0.15 0.09
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Figure 45. Test 3 delivered density measurements 

 
 

Figure 46. Test 4 delivered density measurements 
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0.07 0.07 0.08 0.14 0.05 0.11 0.06 0.03 0.03 0.02

0.09 0.05 0.14 0.12 0.05 0.13 0.07 0.04 0.03 0.01

0.09 0.06 0.13 0.11 0.07 0.17 0.07 0.03 0.01 0.00

0.11 0.07 0.07 0.07 0.09 0.18 0.05 0.01 0.01 0.01

0.09 0.07 0.07 0.07 0.08 0.17 0.03 0.01 0.01 0.02

0.02 0.03 0.03 0.04 0.07 0.12 0.03 0.02 0.02 0.03

0.03 0.03 0.04 0.03 0.06 0.13 0.04 0.03 0.03 0.03

0.03 0.03 0.04 0.03 0.06 0.11 0.05 0.03 0.03 0.03

0.03 0.04 0.15 0.04 0.07 0.13 0.05 0.04 0.03 0.03

0.03 0.05 0.07 0.05 0.08 0.08 0.03 0.03 0.03 0.03

Sofa

Coffee Table

End
Table

T.C.

3 in.

C
h
a

ir

0.05 0.08 0.28 0.23 0.05 0.20 0.07 0.03 0.03 0.00

0.03 0.08 0.27 0.35 0.09 0.23 0.11 0.03 0.01 0.00

0.04 0.09 0.15 0.15 0.09 0.25 0.13 0.04 0.01 0.00

0.05 0.08 0.09 0.07 0.09 0.32 0.15 0.04 0.01 0.00

0.12 0.11 0.07 0.05 0.09 0.37 0.25 0.04 0.03 0.00

0.05 0.05 0.04 0.05 0.09 0.37 0.23 0.07 0.04 0.03

0.07 0.05 0.07 0.07 0.09 0.36 0.17 0.08 0.05 0.03

0.09 0.07 0.07 0.08 0.11 0.25 0.15 0.07 0.04 0.03

0.12 0.09 0.08 0.08 0.13 0.25 0.13 0.07 0.04 0.01

0.17 0.15 0.11 0.05 0.11 0.21 0.08 0.05 0.04 0.03
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Figure 47. Test 5 delivered density measurements (One sprinkler top right, two sprinklers bottom 

left, four sprinklers bottom right) 

Sofa

Coffee Table

End

Table

T.C.

3 in.

C
h

a
ir

0.03 0.02 0.03 0.04 0.03 0.02 0.01 0.01 0.00 0.00

0.02 0.02 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.00

0.02 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01

0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01

0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.01

0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.01

0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.01

0.04 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.02 0.01

0.04 0.05 0.04 0.04 0.03 0.02 0.02 0.02 0.02 0.01

0.03 0.04 0.03 0.03 0.03 0.03 0.02 0.02 0.01 0.01

0.02 0.02 0.03 0.03 0.03 0.02 0.01 0.01 0.00 0.00

0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.00 0.00 0.00

0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.00 0.00

0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01

0.01 0.01 0.02 0.02 0.03 0.04 0.04 0.03 0.02 0.02

0.01 0.02 0.03 0.04 0.04 0.05 0.04 0.03 0.03 0.03

0.02 0.03 0.04 0.05 0.06 0.05 0.05 0.04 0.03 0.03

0.03 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.03 0.03

0.03 0.03 0.03 0.04 0.05 0.06 0.06 0.04 0.03 0.02

0.02 0.02 0.03 0.03 0.03 0.05 0.04 0.04 0.03 0.02

0.01 0.02 0.03 0.01 0.00 0.00 0.00 0.03 0.03 0.02

0.02 0.04 0.08 0.06 0.01 0.00 0.04 0.07 0.06 0.03

0.02 0.04 0.06 0.04 0.01 0.01 0.04 0.06 0.05 0.02

0.02 0.03 0.03 0.01 0.00 0.01 0.02 0.03 0.03 0.02

0.01 0.02 0.03 0.02 0.01 0.03 0.04 0.03 0.02 0.01

0.01 0.02 0.05 0.06 0.02 0.04 0.07 0.04 0.02 0.01

0.02 0.04 0.07 0.09 0.03 0.04 0.06 0.05 0.03 0.01

0.02 0.03 0.05 0.07 0.04 0.05 0.06 0.04 0.03 0.02

0.01 0.02 0.03 0.04 0.03 0.04 0.05 0.04 0.03 0.02

0.01 0.01 0.02 0.05 0.07 0.06 0.05 0.03 0.02 0.03
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Figure 48. Test 6 delivered density measurements (Two sprinklers top right, three sprinklers 
bottom left 
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0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

0.06 0.05 0.04 0.03 0.03 0.03 0.03 0.04 0.05 0.07

0.13 0.09 0.07 0.05 0.04 0.04 0.04 0.04 0.06 0.09

0.19 0.14 0.09 0.07 0.06 0.05 0.05 0.05 0.06 0.07

0.16 0.15 0.11 0.09 0.07 0.07 0.07 0.07 0.07 0.08

0.11 0.12 0.11 0.09 0.08 0.07 0.07 0.07 0.08 0.09

0.09 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.07 0.07

0.07 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.05

0.03 0.04 0.05 0.07 0.07 0.07 0.05 0.05 0.04 0.03

0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.03 0.03 0.03

0.05 0.05 0.05 0.04 0.04 0.04 0.03 0.03 0.03 0.03

0.10 0.08 0.06 0.05 0.04 0.03 0.03 0.03 0.03 0.03

0.17 0.11 0.08 0.07 0.05 0.04 0.03 0.03 0.04 0.10

0.09 0.12 0.09 0.07 0.06 0.05 0.05 0.06 0.07 0.13

0.05 0.09 0.09 0.08 0.07 0.07 0.08 0.09 0.08 0.08

0.06 0.09 0.08 0.07 0.07 0.07 0.08 0.09 0.09 0.08

0.08 0.13 0.12 0.09 0.08 0.07 0.07 0.07 0.08 0.10

0.07 0.13 0.13 0.10 0.07 0.06 0.05 0.05 0.06 0.08
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Figure 49. Test 7 delivered density measurements (Two sprinklers top right, four sprinklers 
bottom left) 
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0.11 0.09 0.08 0.05 0.07 0.06 0.05 0.05 0.05 0.05

0.12 0.10 0.08 0.07 0.06 0.05 0.04 0.04 0.04 0.04

0.10 0.07 0.06 0.05 0.04 0.04 0.04 0.04 0.04 0.04

0.07 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.06 0.06 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.05

0.08 0.07 0.06 0.05 0.04 0.04 0.04 0.04 0.04 0.04

0.06 0.08 0.06 0.06 0.07 0.07 0.05 0.06 0.07 0.06

0.09 0.08 0.07 0.06 0.06 0.07 0.06 0.06 0.08 0.10

0.05 0.08 0.10 0.09 0.08 0.09 0.13 0.07 0.05 0.06

0.04 0.07 0.12 0.18 0.26 0.25 0.15 0.09 0.05 0.02

0.02 0.05 0.14 0.24 0.28 0.25 0.17 0.10 0.04 0.01

0.02 0.05 0.16 0.22 0.22 0.20 0.14 0.08 0.04 0.01

0.02 0.02 0.07 0.12 0.18 0.23 0.12 0.05 0.03 0.02

0.03 0.03 0.04 0.07 0.16 0.25 0.14 0.07 0.04 0.03

0.04 0.05 0.05 0.05 0.07 0.07 0.07 0.07 0.05 0.04

0.06 0.07 0.06 0.06 0.06 0.03 0.03 0.06 0.06 0.06
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Figure 50. Test 8 delivered density measurements 

 
 

Figure 51. Test 9 delivered density measurements 
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6 inch wide by 12 inch deep non-combustible beam

0.06 0.08 0.09 0.08 0.06 0.05 0.04 0.03 0.02 0.01

0.03 0.04 0.04 0.04 0.04 0.04 0.03 0.02 0.02 0.01

0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.01

0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.02 0.02 0.01

0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.02 0.01

0.03 0.04 0.04 0.04 0.03 0.03 0.03 0.02 0.02 0.01

0.07 0.07 0.06 0.05 0.04 0.03 0.03 0.02 0.02 0.01

0.14 0.13 0.08 0.04 0.03 0.03 0.03 0.02 0.01 0.01

0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01

0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00
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0.07 0.07 0.07 0.09 0.12 0.05 0.03 0.02 0.02 0.01

0.03 0.04 0.04 0.06 0.12 0.04 0.03 0.03 0.02 0.01

0.03 0.03 0.04 0.08 0.13 0.04 0.03 0.02 0.01 0.00

0.03 0.03 0.08 0.11 0.18 0.04 0.02 0.01 0.01 0.00

0.03 0.04 0.08 0.12 0.17 0.03 0.01 0.01 0.00 0.00

0.03 0.03 0.05 0.12 0.11 0.03 0.01 0.01 0.01 0.01

0.03 0.03 0.05 0.11 0.08 0.03 0.02 0.02 0.02 0.02

0.03 0.03 0.05 0.10 0.07 0.03 0.03 0.02 0.02 0.02

0.15 0.07 0.06 0.11 0.07 0.04 0.03 0.03 0.02 0.02

0.05 0.05 0.07 0.10 0.05 0.03 0.03 0.03 0.03 0.02
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Figure 52. Test 10 delivered density measurements (Two sprinklers top right, four sprinklers 

bottom left) 
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6 inch wide by 12 inch deep non-combustible beam

0.19 0.25 0.21 0.20 0.20 0.21 0.20 0.19 0.19 0.16

0.13 0.36 0.36 0.23 0.17 0.15 0.15 0.13 0.11 0.09

0.11 0.12 0.12 0.09 0.08 0.08 0.08 0.08 0.07 0.07

0.09 0.08 0.08 0.07 0.04 0.04 0.04 0.05 0.07 0.05

0.09 0.08 0.07 0.05 0.04 0.04 0.04 0.05 0.07 0.08

0.13 0.09 0.07 0.05 0.04 0.04 0.04 0.05 0.09 0.15

0.15 0.07 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.04

0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.02 0.02 0.02

0.03 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01

0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.11 0.14 0.25 0.09 0.02 0.01 0.05 0.08 0.08 0.10

0.07 0.08 0.09 0.07 0.03 0.02 0.06 0.26 0.10 0.06

0.08 0.07 0.06 0.06 0.07 0.05 0.10 0.27 0.10 0.08

0.15 0.14 0.05 0.04 0.06 0.08 0.07 0.08 0.16 0.12

0.14 0.22 0.11 0.05 0.06 0.10 0.10 0.14 0.24 0.12

0.14 0.16 0.09 0.09 0.10 0.12 0.15 0.13 0.09 0.07

0.17 0.10 0.06 0.12 0.13 0.15 0.13 0.10 0.07 0.04

0.09 0.08 0.04 0.07 0.10 0.11 0.07 0.06 0.05 0.04

0.05 0.05 0.03 0.02 0.04 0.04 0.03 0.06 0.10 0.06

0.05 0.05 0.06 0.03 0.00 0.01 0.02 0.11 0.19 0.10
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Figure 53. Test 11 delivered density measurements (One sprinkler top right, two sprinklers 
bottom left) 
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0.02 0.02 0.02 0.03 0.03 0.03 0.07 0.05 0.04 0.02

0.02 0.02 0.01 0.03 0.03 0.03 0.14 0.16 0.15 0.03

0.03 0.03 0.02 0.03 0.03 0.03 0.13 0.10 0.17 0.03

0.02 0.03 0.03 0.03 0.03 0.03 0.05 0.05 0.09 0.04

0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.07 0.04 0.05

0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.04 0.05

0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.04 0.04

0.04 0.02 0.02 0.02 0.03 0.04 0.03 0.03 0.04 0.04

0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.05 0.03

0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.05 0.04

0.06 0.06 0.07 0.09 0.09 0.09 0.09 0.07 0.09 0.10

0.07 0.07 0.08 0.09 0.08 0.06 0.06 0.09 0.06 0.06

0.09 0.07 0.07 0.07 0.07 0.06 0.08 0.13 0.07 0.07

0.08 0.07 0.06 0.05 0.05 0.07 0.15 0.14 0.08 0.07

0.07 0.05 0.04 0.04 0.05 0.10 0.14 0.14 0.07 0.06

0.07 0.04 0.04 0.04 0.05 0.08 0.09 0.09 0.07 0.05

0.07 0.04 0.04 0.04 0.05 0.06 0.05 0.06 0.05 0.03

0.07 0.04 0.04 0.04 0.05 0.04 0.03 0.03 0.04 0.03

0.07 0.05 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03

0.07 0.05 0.05 0.05 0.05 0.04 0.03 0.05 0.03 0.04
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Figure 54. Test 12 delivered density measurements 

Table 11 below contains the average delivered density to the region of the floor occupied by the 
chair and the sofa.  The table also indicates if any thermocouple locations exceeded the eye level 

criteria in UL 1626.  In tests with no locations exceeding a criterion the minimum first sprinkler 

delivery to the chair was 0.022 gpm/ft
2
 with an average of 0.050 gpm/ft

2
.  In tests with a location 

exceeding a criterion the minimum first sprinkler delivery to the chair was 0.019 gpm/ft
2
 with an 

average of 0.038 gpm/ft
2
.   

 

Table 11. Average delivered density to chair and sofa 

Test 

# 

Average Delivered Density (gpm/ft
2
) 

Exceed 

UL1626
* First Sprinkler Second Sprinkler Third Sprinkler Fourth Sprinkler 

Chair Sofa Chair Sofa Chair Sofa Chair Sofa 

1 0.043 0.048 0.051 0.038     N 

2 0.040 0.050 0.060 0.020     1 t 

3 0.040 0.060 DNO
+ 

DNO DNO DNO DNO DNO N 

4 0.070 0.100 DNO DNO DNO DNO DNO DNO N 

5 0.025 0.014 0.021 0.011 0.019 0.012 0.038 0.028 3 t, 2 T 

6 0.019 0.018 0.126 0.030 0.100 0.043 DNO DNO 1 t 

7 0.070 0.017 0.042 0.043 0.081 0.086 0.065 0.113 1 t 

8 0.058 0.027 DNO DNO DNO DNO DNO DNO N 

9 0.058 0.048 DNO DNO DNO DNO DNO DNO N 

10 0.059 0.055 0.078 0.117 0.068 0.130 0.121 0.084 N 

11 0.022 0.060 0.051 0.081     N 

12 0.036 0.020 DNO DNO     2 t, 1 T 
*
t = time, T = temperature, number is thermocouple locations exceeding 

+
DNO = did not operate 
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0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02

0.05 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.02

0.06 0.02 0.02 0.01 0.01 0.00 0.00 0.01 0.02 0.07

0.06 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.07 0.20

0.05 0.02 0.02 0.02 0.03 0.03 0.04 0.05 0.06 0.10

0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.05 0.06 0.06

0.05 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05

0.06 0.05 0.06 0.06 0.07 0.07 0.07 0.06 0.06 0.06

0.06 0.06 0.06 0.08 0.10 0.10 0.10 0.10 0.07 0.06

0.04 0.04 0.05 0.06 0.08 0.10 0.11 0.10 0.11 0.12
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6.4.4 Tests with Thermocouples Exceeding an Eye Level Criterion 

In five of the twelve tests (Tests 2, 5, 6, 7 and 12), one or more thermocouples located at eye 

level exceeded either the UL 1626 criteria for 200 °F maximum temperature and/or more than 
two minutes over 130 °F.  The following is a discussion of these results. 

 
Test 2 

 
Test 2 involved a 4/12 sloped ceiling in a 16 ft wide enclosure, Figure 20.  No ceiling beams 

were present.  The fuel package was located in the north east corner of the east wall (i.e., at the 

lowest ceiling height).  Two sidewall sprinklers were installed on the south wall, opposite the 
corner where the fuel package was located.  The sprinklers were designed to flow 24 gpm from 

one sprinkler and 34 gpm if both sprinklers operated.  In this test both sprinklers operated. 
 

Test 2 had one eye level thermocouple exceed 130 °F (54.4 °C) for over two minutes (2:45 m:s)).  

Figure 55 shows thermocouple temperatures for the sprinklers and for three of the four eye level 
locations (the fourth was intimate with the fire source).  As can be seen from the data, the first 

eye level thermocouple to exceed 130 °F (54.4 °C), did so 67 seconds prior to the first sprinkler 
operation.  Temperatures in the room began to immediately decrease after the second sprinkler 

operation and it took 96 seconds from the first sprinkler operation to reduce temperatures from a 

peak of 175 °F (79.7 °C) to 130 °F (54.4 °C).  Post-operation performance of the sprinklers 
quickly reduced temperatures. The primary reason for the time period over 130 °F was the time 

spent over 130 °F prior to sprinkler operation rather than limitations in the effectiveness of the 
water delivery following operation. 

 



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

55 

 

Figure 55. Test 2 sprinkler and eye level thermocouple temperatures (TC 2 not plotted as 
intimate with the fire), horizontal line is 130 °F (54.4 °C) 

Test 5 
 

Test 5 also had a 4/12 sloped ceiling, but the room width was 24 ft.  No beams were included.  
The fuel package was located in the center of the east wall (i.e., at the lowest ceiling height).  

Four pendent sprinklers were installed in the room, with an established flow rate of 18 gpm from 

one sprinkler and 26 gpm for more than two sprinklers, see Figure 23.  All four sprinklers 
operated during the test. 

 
Test 5 had two eye level thermocouples exceed 200 °F (93.3 °C) (i.e., 264 °F and 234 °F) and all 

three eye level thermocouples not intimate with the fire exceeded 130 °F (54.4 °C) for over two 

minutes (5:58, 4:22, and 3:14), see Figure 56.  In this test, all four sprinklers operated at 
approximately the same time as the first eye level thermocouple  exceeded 130 °F.  Following 

the first sprinkler operation, there was an immediate drop in temperatures; however, the fire was 
able to continue growing on the side and back of the chair for another two minutes.  At that point 
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rapid decreases in the compartment temperatures are seen.  The sprinklers did prevent spread of 

the fire to the other pieces of furniture, and the sprinklers prevented the entire chair from being 
involved, see Figure 35.  Apparently, the initial sprinkler did not sufficiently suppress the chair 

fire prior to the near simultaneous operation of the remaining three sprinklers.  However, given 
that with four operating sprinklers,each sprinkler was flowing 50 % of its design flow rate, the 

system was still successful in preventing flashover (i.e., the maximum ceiling temperatures were 

significantly below 600 F). 
 

 

Figure 56. Test 5 sprinkler and eye level thermocouple temperatures (TC 4 not plotted as 
intimate with the fire), horizontal lines are 130 °F (54.4 °C) and 200 °F (93.3 °C) 

Test 6 
 

Test 6 had a 4/12 sloped ceiling and a room width of 24 ft.  No beams were installed.  The fuel 

package was located along the center of the west wall, at the highest ceiling height.  Four 
sidewall sprinklers were installed; two located along the north wall and two located along the 
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south wall.  The flow rates were set at 24 gpm from a single sprinkler and 34 gpm for two or 

more operating sprinklers, see Figure 24.  During the test, three of the four sprinklers operated. 
 

Test 6 had one eye level thermocouple exceed 130 °F (54.4 °C) for over two minutes (2:17 m:s), 
Figure 57.   The first two sprinkler operations were simultaneous at 170 s.  The fire growth 

continued, but at a much lower rate than in Test 5.  Shortly after the third sprinkler operation, 

temperatures began to decrease in the compartment.  The two minute limit was only slightly 
exceeded and the maximum temperature of 157 °F (70 °C) would not be expected to result in 

injury for such a short exposure duration. 
 

 

 

Figure 57. Test 6 sprinkler and eye level thermocouple temperatures (TC 4 intimate with the 

fire), horizontal line is 130 °F (54.4 °C) 

  

0

20

40

60

80

100

120

0 50 100 150 200 250 300 350

Te
m

p
e

ra
tu

re
 (

°C
)

Time (s)

Sprinkler 1

Sprinkler 2

Sprinkler 3

Sprinkler 4

TC1

TC2

TC3

TC4



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

58 

 

Test 7 
 

In test 7 the slope was 4/12 and the room width was 24 ft.  No beams were installed.  The fuel 
package was located in the center of the room.  Four sidewall sprinklers were installed; two were 

located along the north wall and two were located on the opposite south wall (Figure 25).  All 

four sprinklers operated in this test. 
 

Test 7 had one eye level thermocouple exceed 130 °F (54.4 °C) for over two minutes (2: 06 
m:s)), Figure 58.   The first two sprinkler operations were simultaneous at 208 s with the second 

two operations occurring simultaneous at 230 s.  The fire growth continued after the sprinklers 

operated, but at a much lower rate than seen in Test 5.  The fire was confined to the side, back, 
and underneath of the chair.  The two minute eye level temperature threshold was only slightly 

exceeded and the maximum temperature of 195 °F (90.8 °C) would not be expected to result in 
significant injury for that relatively short duration.   
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Figure 58. Test 7 sprinkler and eye level thermocouple temperatures (TC 2 intimate with the 

fire), horizontal line is 130 °F (54.4 °C) 

Test 12 
 

In test 12 the slope was 8/12 and the room width was 16 ft.  No  beams were installed.  The fuel 
package was located in the north east corner at the lowest height of the ceiling.  Combustible 

interior finish was installed in the corner behind the fuel package.  Two sidewall sprinklers were 

positioned on the south wall, opposite the fuel package.  The flow rates were set at 24 gpm for 
one sprinkler and 34 gpm for both sprinklers.  Only one sprinkler operated during the test. 

 
Test 12 had one eye level thermocouple exceed 200 °F (93.3 °C) (216 °F) and two eye level 

thermocouples not intimate with the fire exceeded 130 °F (54.4 °C) for over two minutes (i.e., 

4:51and 2:13); see Figure 59.    One sprinkler operated and immediately resulted in a reduction 
in compartment temperatures.  As with Test 2, at the time of the sprinkler operation the 

temperatures had already exceeded 130 °F (for 94 seconds prior to operation).  It appeared that 
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the primary reason for the poorer performance is the time of operation and not the delivered 

water density.  Following initial sprinkler operation three of the four eye level thermocouples 
quickly dropped below 130 °F.  However, at approximately 300 s there was a brief resurgence in 

the fire, likely due to involvement of the combustible wall which resulted in the fourth 
thermocouple remaining above 130 °F for an additional two minutes.  This was considered a 

challenging configuration as the combustible wall lining behind the chair was shielded from the 

direct spray from the sprinklers as was the side and back of the chair.  However, on balance one 
sprinkler was still able to control the fire and prevent flashover. 

 

 

Figure 59. Test 12 sprinkler and eye level thermocouple temperatures (TC 4 intimate with the 

fire), horizontal lines are 130 °F (54.4 °C) and 200 °F (93.3 °C) 
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6.4.5 Discussion 

The test results indicate that while several of the configurations can result in more than two 

operating sprinklers, a two-sprinkler water supply controlled the fire, prevented flashover, and 
provided escape/rescue time from the enclosure.  This was found to be the case even for the most 

challenging configurations – those thought to be limit conditions based on the FDS modeling 

results.  These results were achieved with average delivered densities as low as 0.02 gpm/ft-sq at 
the fire source when three or four sprinklers operated.  Observations indicate that both direct 

suppression of the burning chair and pre-wetting of surrounding combustibles contributed. 
 

Damage assessments for all of the large scale tests indicate that the sprinkler systems limited the 

involvement of the fuel package(s) to the chair and table.  Minimal damage to the adjacent sofa 
was observed, and lateral or vertical fire spread in the tests with combustible interior finish was 

also limited to the area directly adjacent to the fuel package.  Again, this was attributed to the 
direct suppression effects and pre-wetting, even at the relatively lower delivered densities 

associated with multiple sprinkler operation (i.e., >2 sprinklers). 

 
In several tests temperature limits associated with fire testing under UL 1626 were exceeded for 

short periods of time, followed by significant reductions in enclosure temperatures as soon as the 
sprinklers operated.  No beams were installed in any of these tests where temperature excursions 

above the UL 1626 limits were observed.   

 
In both cases where four sprinklers operated (tests 5 and 7) the fire was located such that the 

geometric distance to all four sprinklers was essentially equal.  In addition, in four of the five 
tests with sidewall sprinkler installations, the hot gases tended to travel along the wall-ceiling 

interface, resulting in multiple sprinkler operation.     Both of these effects would be expected.  

However, fire control was still achieved and flashover conditions were not approached.  
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7.0 SUMMARY AND CONCLUSIONS 
 

7.1 General 
 

Prior research on sloped ceilings with residential sprinklers indicates that ceiling slope results in 

longer sprinkler operation times and higher temperatures.  Since a sloped ceiling results in longer 
distances from the fire to the sprinkler, allowing for more cooling of the fire plume due to 

entrainment, this is not a surprising result.  The sprinkler operation times that occurred in the 
previous studies were still for relatively modest fire sizes, and the temperatures that were reached 

would not have resulted in either flashover or prevention of egress. 

 
A series of FDS simulations were performed using a range of room geometries and sprinkler 

layouts consistent with real world applications.  The simulations were performed to determine 
sprinkler operation timelines on sloped ceilings with and without beams.  In all cases, sprinkler 

operation occurred while the fire was well below levels where flashover would occur and 

temperatures at the time of operation indicated tenable conditions inside the room.  The 
simulations showed that in larger rooms with multiple sprinklers or in rooms with beams that 

require multiple sprinklers, the thermal environment could result in the operation of more than 
two sprinklers.  This depended on the suppression effectiveness of the first two sprinklers to 

operate as well as the geometry of the sprinkler layout. 

 
Based on the results of the FDS simulations, a series of 12 full-scale fire tests were conducted 

using a grouping of living room furniture for the fire source.  Tests were selected to provide (1) 
scenarios where success was anticipated by FDS modeling and (2) scenarios where FDS 

modeling indicated the sprinkler system would be challenged.  In all 12 tests (including two with 

a combustible wall lining) the sprinklers installed in accordance with their UL 1626 listing, were 
effective at controlling the fire and preventing temperatures from reaching flashover conditions 

in the room.  This included tests where more than two sprinklers operated.  In some tests, 
temperature conditions at eye level were higher than allowed in the UL 1626 fire test; however, 

they were not high enough to likely result in serious injury and temperatures at lower elevations 

in the room were significantly lower. 
 

Control of the upholstered furniture fires was attributed to the localized water spray at the fuel 
source along with significant wetting of adjacent fuels and the walls. Measured post-fire 

delivered densities indicated that if the initial localized delivered density to the fire exceeded 

0.02 gpm/ft
2
, a high likelihood of timely control of the fire is expected.  Fire control at the 0.02 

gpm/ft
2
 delivered density was achieved using either pendent or sidewall sprinklers listed for use 

under flat, smooth ceilings. 
 

The FDS results in conjunction with the full scale testing results provide every indication that 

(for the range of ceiling slopes and room sizes examined in this study) sprinklers listed under UL 
1626 will meet the intent of the NFPA 13D/R standards (i.e., preventing flashover and improving 

chances of escape) when they are installed on sloped ceilings and sloped and beamed ceilings. 
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7.2 NFPA 13D/R Design Considerations: 
 

Existing guidance in the NFPA 13D/R standards focuses primarily on spacing rules for sloped 
ceilings.  It further recognizes that beamed and/or steeply sloped ceilings are outside the current 

UL 1626 listings for residential sprinklers.  Therefore, a need exists to expand the guidance in 

NFPA 13D/R at least to an extent that provides additional design requirements for moderate 
sized rooms with sloped ceilings, with or without installed beams. 

 
Available fire loss data did not provide sufficient detail regarding the performance of residential 

sprinkler systems.  Nor was there information regarding the presence of sloped and/or beamed 

ceilings associated with general residential fire losses.  Previous work in this area indicated that 
fires in enclosures with sloped and/or beamed ceilings were more challenging than those 

associated with flat, smooth ceilings.  And further, it was reported that significant increases in 
water supply (i.e., up to 54 gpm) would be necessary to achieve “equivalent” performance to the 

flat, smooth ceiling configuration associated with the two-sprinkler design.   

 
The approach used here was to examine the performance of residential sprinklers in enclosures 

with certain arrangements of sloped and/or beamed ceilings in terms of meeting the objectives 
outlined in the NFPA 13D/R standards.  Based on this approach, existing UL listed sprinklers 

were used (i.e., sprinklers listed for use with a flat, smooth ceiling).  In addition, the water supply 

was restricted to a two-sprinkler design.   
 

While it was not possible to evaluate all possible conditions of interest, the approach used in this 
effort permitted evaluation of a wide range of cases, identification of potential performance 

limits, and analysis of the limit cases under full scale conditions.  For the range of ceiling slopes, 

beam configurations and room sizes examined in this effort, a sprinkler system using pendent or 
sidewall sprinklers listed in accordance with UL 1626 for residential applications and spaced in 

accordance with the UL listing successfully controlled the fire, significantly restricted lateral fire 
spread and prevented flashover conditions.  This result was consistently observed for the cases 

where as many as four sprinklers operated.  In these cases, the total water supply was restricted 

to that of a two sprinkler design, and met the performance objectives outlined in NFPA 13D/R. 
 

Results of the spray density measurements indicate that localized delivered densities on the order 
of 0.02 gpm/ft-sq at the fire source were sufficient to control fire spread.  While this should not 

be relied upon to change the current minimum average water discharge density requirement in 

NFPA 13D/R, it does indicate that under the conditions evaluated in this study a sprinkler listed 
for residential applications in accordance with UL 1626 will provide an adequate delivered 

density to control reasonably challenging fires with more than two sprinklers operating. 
Based on the results of FDS modeling and the full scale tests it appears rational to extend the use 

of residential sprinklers listed in accordance with UL 1626 to residences with sloped or sloped 

and beamed ceilings in rooms moderate in size (i.e., <~600 ft-sq). 
 

The results of FDS modeling and the series of full scale tests undertaken as part of this study 
indicate satisfactory performance of residential sprinklers listed in accordance with UL 1626 

when used in moderate sized rooms of residences with certain arrangements of sloped or sloped 
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and beamed ceilings. Relevant factors associated with the development of any specific design 

guidance include the following: 
 

• Sprinklers listed in accordance with UL 1626 were demonstrated to perform satisfactorily 

in enclosures with sloped and beamed ceilings. Generally they were installed at spacings 

consistent with their listings. In the tests with beams present the sprinklers were located 

in each beam pocket. 

• Successful results were obtained even for the cases where more than two sprinklers 

operated (i.e., up to four sprinklers) with the water supply being limited to that associated 

with the listing for a two-sprinkler design. 

• The fire source was considered challenging and repeatable.  The fire was positioned in 

several locations in the enclosure(s) with similar results. 

• Room size ranged from 200 ft
2
 to 576 ft

2
 which was considered typical of moderate sized 

residential construction.  

• Some limitations require consideration relative to the extent of applicability of the results 

of this work.  For example, the geometries evaluated in this work were considered 

representative of moderate sized residential rooms.  Specifically, the analyses involved 

room sizes up to approximately 600 ft
2
 with ceiling slopes from 4/12 up to and including 

8/12 and peak ceiling heights up to 16 ft.  The maximum number of sprinklers present in 

the test enclosure ranged from two to six sprinklers, depending on the enclosure size and 

the location and number of beams.   

Extrapolation beyond these limits would be reasonable in order to address a significantly larger 
portion of the housing stock.  However, very large rooms with steep slope angles and very high 

peak ceiling heights will potentially require a much larger number of sprinklers to be installed in 
the room.  These types of rooms may be outside the scope of this analysis and may require 

special considerations in order to not overstress a two-sprinkler water supply to the point where 

the sprinkler system may not achieve the NFPA 13D/R performance objectives 
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APPENDIX A: Spray Density Measurements 
 
A.1 Delivered Density Measurements for Sloped Ceilings 

 
A.1.1 Sprinkler Nozzles and Mounting 

Sprinkler discharge pattern testing was performed for residential sprinklers on sloped ceilings.  

The sprinklers tested were: 
 

• A listed residential recessed pendant  

• A listed residential horizontal sidewall 

The pendant sprinklers were mounted such that they were recessed 1.3 cm (0.5 in) and normal to 

the slope of the ceiling.  The pendant sprinklers have two arms supporting the deflector plate, 
and the sprinkler was tested with the arms rotated both perpendicular (A1) and parallel (A2) to 

the direction of the ceiling slope.  The pendant sprinklers have a K-factor of K-7.1 lpm/kPa
-1/2

 
(K-4.9 GPM/psi

1/2
) and the flow pressure was controlled to produce a flow rate of 49.2 lpm (13 

GPM) at a sprinkler pressure of 48 kPa (7 psi).   

 
The sidewall sprinklers were mounted such that they were recessed 1.9 cm (0.75 in) and located 

10 cm (4 in) below the pendant installations in the direction normal to the ceiling surface.  The 
sprinklers were pointed such that they sprayed in the direction perpendicular to the slope of the 

ceiling.   The sidewall sprinklers were oriented such that the deflector plate was normal to the 

floor, not to the ceiling.  The sidewall sprinklers have a K-factor of K-6.1 lpm/kPa
-1/2

 (K-4.2 
GPM/psi

1/2
) and were controlled to maintain a flow rate of 64.4 lpm (17 GPM) with a 110 kPa 

(16 psi) operating pressure. 
 

A.1.2 Test Apparatus 

The ceiling was angled at a 4/12 slope (18.4°) and a 8/12 slope (33.7°).  The sprinklers were 
tested for spray discharge patterns both in the up slope and down slope directions for both slope 

angles.  In these conditions, the sprinklers were mounted at heights related to actual installation 
heights for various slope angles.  For example, a pendant sprinkler covering a 3 m x 3 m (10 ft x 

10 ft) installed on a ceiling starting at a height of 2.4 m (8 ft) and sloped at an angle of 18.4° 

would be installed on the ceiling at a height of (11 ft 4 in).  The final test height of the sprinklers 
was variable for each test scenario and was intended to simulate that actual installation of the 

sprinkler under the tested conditions. 
 

The ceiling was constructed as a 2.4 x 3.6 m (8 x 12 ft) solid panel.  Along one edge several 

holes were drilled to mount the pendant sprinkler in various locations.  In total, four holes were 
drilled, all 0.9 m (1 ft) from the side edge and spaced along the slope at 0.9 m (1 ft) intervals.  

These are shown in Figure 60 and are referred to as P1-P4. 
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Figure 60. Pendant sprinkler mounting locations on ceiling 

The sidewall sprinklers were mounted in positions normal to the ceiling, below the pendant 

installations.  They are shown on the 4/12 sloped (18.4°) wall with the ceiling above in Figure 61 
 

 

Figure 61. Sidewall sprinkler mounting locations 

The height of the sprinkler in each location for the various ceiling configurations is shown in 

Table 12. 
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Table 12. Sprinkler height at various locations for all ceiling configurations 

 
 

In addition to testing the sprinklers for the ceiling slopes, the pattern was also analyzed when 
beams were present on the ceiling.  The tested beams were 0.3 m (1 ft) deep and 0.15 m (0.5 ft) 

wide and were installed normal to the ceiling slopes.  The beam was installed with the front face 
1.2 m (4 ft) from the sprinkler side of the ceiling.  The beam installation is shown in Figure 62. 

 

 

Figure 62. Beam installation on ceiling 

The sprinkler spray patterns were tested for sprinklers installed at distances of 0.9 m (3 ft) and 
0.6 m (2 ft) from the beam along the direction of the ceiling by mounting in location P1 and P2, 

respectively.  The beam was installed on the ceiling to simulate a 1.8 m (6 ft) spacing on center 

and thus the variable sprinkler heights are controlled accordingly for the various spacings. 
 

A.1.3 Test Configurations 

A sprinkler flow pattern can be separated into four equal quadrants below pendant sprinklers 

(two quadrants for sidewall).  Each test only measured the performance of one quadrant of the 

sprinkler flow independently.  The quadrants are determined by placing the sprinkler at the 
origin of a two-dimensional space and separating regions along the axes as shown below in 

Figure 63.  In addition, the figure also displays the pendant sprinkler oriented with the arms both 
parallel and perpendicular to the ceiling slope.  It was not necessary to measure the spray 

performance of quadrants II or III, however, due to the symmetry of the system. 

Sprinkler Location Upslope (ft) Downslope (ft) Upslope (ft) Downslope (ft)

P1 10.1 11.6 12.1 14.6

P2 10.4 11.3 12.7 14.1

P3 10.7 11.0 13.2 13.5

P4 11.1 10.7 13.8 12.9

S1 10.0 11.5 12.0 14.4

S2 10.3 11.2 12.5 13.9

S3 10.6 10.9 13.1 13.3

S4 10.9 10.5 13.6 12.8

18.4° Slope 33.7° Slope
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Figure 63. Pendant Sprinkler Spray Quadrants for Arms Mounted both Parallel and 
Perpendicular to Ceiling Slope 

 
Each sprinkler was tested for up slope and down slope spray patterns in separate tests.  

Combining the two test regions along with the two ceiling angles to be considered, there are four 
possible ceiling orientations to be referred to as C1-C4 as described in the sections below. 

Each ceiling condition required a different supporting structure.  The test region consisted of a 

three wall assembly wrapped in plastic to prevent overspray.  The back wall spanned a distance 
of 3.8 m (12 ft 5 in) and the two sides extended 2.4 m (8 ft) into the test region.  Various ceiling 

support structures were built to support the four potential ceiling angles.   These structures are 
shown below in Figure 64 through Figure 67. 
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Figure 64. 4/12 slope upslope test structure (C1) 

 

 

Figure 65. 4/12 slope down slope test structure (C2) 
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Figure 66. 8/12 slope upslope test structure (C3) 

 

 

Figure 67. 8/12 slope down slope test structure (C4) 

   
A.1.4 Delivered Density Measurement Approach 

The pendant sprinkler’s spray pattern was resolved across a grid of 132 0.09 m
2
 (1 ft

2
) sections 

arranged in a rectangle with 12 measurements along the slope and 11 perpendicular 
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measurements as shown in Figure 68.  The sidewall sprinklers were measured across a grid of 

160 0.09 m
2
 (1 ft

2
) sections arranged in a rectangle with 16 measurements along the slope and 10 

perpendicular measurements as shown in Figure 69.      

 

Figure 68. Pendant sprinkler water collection grid 

 

Figure 69. Sidewall sprinkler water collection grid 

Measurements of the water flow were made by placing 0.47 L (0.125 gal) open top containers 

the center of each sample region described above.  The containers had an opening diameter of 
8.3 cm (3.25 in), covering an area of 53.5 cm

2
 (8.3 in

2
).  During each test, water was allowed to 

flow for 10 minutes and at the end of each test the water in each container was weighed.  The 

1 12 23 34 45 56 67 78 89 100 111 122

2 13 24 35 46 57 68 79 90 101 112 123

3 14 25 36 47 58 69 80 91 102 113 124

4 15 26 37 48 59 70 81 92 103 114 125

5 16 27 38 49 60 71 82 93 104 115 126

6 17 28 39 50 61 72 83 94 105 116 127

7 18 29 40 51 62 73 84 95 106 117 128

8 19 30 41 52 63 74 85 96 107 118 129

9 20 31 42 53 64 75 86 97 108 119 130

10 21 32 43 54 65 76 87 98 109 120 131

11 22 33 44 55 66 77 88 99 110 121 132

Direction of Slope -->

Pendant Sprinkler

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151

2 12 22 32 42 52 62 72 82 92 102 112 122 132 142 152

3 13 23 33 43 53 63 73 83 93 103 113 123 133 143 153

4 14 24 34 44 54 64 74 84 94 104 114 124 134 144 154

5 15 25 35 45 55 65 75 85 95 105 115 125 135 145 155

6 16 26 36 46 56 66 76 86 96 106 116 126 136 146 156

7 17 27 37 47 57 67 77 87 97 107 117 127 137 147 157

8 18 28 38 48 58 68 78 88 98 108 118 128 138 148 158

9 19 29 39 49 59 69 79 89 99 109 119 129 139 149 159

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Direction of Slope -->

Sidewall Sprinkler
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weight of water was then converted to volume and divided by the area.  This yielded a water 

coverage value in LPM/m
2
 (GPM/ft

2
). 

 

A.1.5 Test Matrix 

Table 13. Delivered Density Measurement Test Matrix 

 
  

Test Number

Slope 

Angle

Test 

Direction

Beam 

Spacing

Sprinkler 

Type

Pendant arm 

orientation to 

slope

Sprinkler 

Height above 

floor (ft)

1 18.4 Upslope None Pendant Perpendicular 11.0

2 18.4 Upslope None Pendant Parallel 11.0

3 18.4 Upslope None Sidewall NA 10.9

4 18.4 Upslope 3 ft Sidewall NA 10.0

5 18.4 Upslope 3 ft Pendant Parallel 10.1

6 18.4 Upslope 3 ft Pendant Perpendicular 10.1

7 18.4 Upslope 2 ft Pendant Perpendicular 10.4

8 18.4 Upslope 2 ft Sidewall NA 10.3

9 33.7 Upslope 3 ft Sidewall NA 12.0

10 33.7 Upslope 2 ft Sidewall NA 12.5

11 33.7 Upslope 2 ft Pendant Perpendicular 12.7

12 33.7 Upslope 3 ft Pendant Perpendicular 12.1

13 33.7 Upslope None Pendant Perpendicular 13.8

14 33.7 Upslope None Sidewall NA 13.6

15 18.4 Downslope None Sidewall NA 10.0

16 18.4 Downslope None Pendant Perpendicular 10.1

17 18.4 Downslope 3 ft Pendant Perpendicular 11.6

18 18.4 Downslope 2 ft Pendant Perpendicular 11.3

19 18.4 Downslope 3 ft Sidewall NA 11.5

20 18.4 Downslope 2 ft Sidewall NA 11.2

21 33.7 Downslope 3 ft Sidewall NA 14.4

22 33.7 Downslope 2 ft Sidewall NA 13.9

23 33.7 Downslope 2 ft Pendant Perpendicular 14.1

24 33.7 Downslope 3 ft Pendant Perpendicular 14.6

25 33.7 Downslope None Pendant Perpendicular 14.6

26 33.7 Downslope None Sidewall NA 14.4

Lift Ceiling Piece and construct and install 33.7 downslope ceiling piece

Remove Beam

Install Beam Section

Remove Beam

Raise Ceiling Piece, construct and install 18.4 degree downslope mounts

Install Beam Section

Lift Ceiling Piece and switch 18.4 degree ceiling for 33.7 degree upslope



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

74 

 

A.2 FDS Modeling of Delivered Density 
 

A.2.1 FDS Model Development 

Development of Sprinkler Inputs 
 

Before the sprinkler tests on the sloped ceiling configuration were modeled an effort was made 
to replicate in FDS the water distribution pattern for the sprinklers on a flat, unobstructed ceiling. 

Two sprinkler types were used in the sloped ceiling tests, a listed residential pendent sprinkler 
and a listed residential sidewall sprinkler. Data from the water distribution testing of these 

sprinklers for compliance with UL 1626 section 26 was obtained.  

 
Section 26 of UL 1626 specifies a test protocol where the water distribution in gpm/ft

2
 is found 

by measuring water accumulation at floor level over 20 min in 0.3 m x 0.3 m (12 in x 12 in) 
pans. For pendant sprinklers the pans are arranged in an 8 x 8 grid layout, covering one quadrant 

of the spray area. For sidewall sprinklers the measurement area is 16 x 8 pans covering half the 

spray area. 

The test setup was model in FDS with a single numerical grid using the same size cell as that 

which would be used for the slope ceiling test, see below. Water accumulation in the simulated 
pans was measured using the “AMPUA” (Accumulated Mass Per Unit Area) device output 

quantity, each device being integrated over a 0.3 m x 0.3 m (1 ft x 1 ft) area. This gave the total 

weight of water accumulated in each 1 ft
2
 pan, which could then be converted to gpm/ft

2
 for 

comparison with the UL1626 results. The parameters of the water spray were then adjusted in 

FDS until the distribution pattern was replicated as closely as possible with approximately the 
same nozzle flow rate. The fraction of water collected relative to the total flow rate was also kept 

close to that achieved in the UL 1626 testing. Table 14 shows the flow rate in the UL1626 tests 

of the two sprinklers and the ratio of water captured to the total flow rate. Note that the pendant 
sprinkler was tested in two configurations, and that the water captured was only in one quadrant 

of the total spray area of the sprinklers.  
 

Table 14. Flow rate and ratio of water captured in the UL1626 test and the FDS model of the two 

sprinkler types 

  Flow rate  (l/min) Water captured (%) 

Pendant - UL1626 (parallel) 49.2 13.8% 

Pendant - UL1626 (perpend.)  49.2 15.5% 

Pendant - FDS 46.7 15.4% 

Sidewall - UL1626 64.4 8.6% 

Sidewall - FDS 64.4 8.8% 

 

The water distribution pattern in gpm/ft
2
 from the parallel pendant sprinkler in the UL1626 test 

and the FDS model is shown in Figure 70 and Figure 71 respectively. The sprinkler was placed 

above the top right corner in the figure. 
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Figure 70. Water distribution in the pans after the UL1626 test of the parallel pendant sprinkler 

 

Figure 71. Water distribution in the pans in the FDS simulation of the same test as above in 
Figure 70. 

  
The distribution pattern from the sidewall sprinkler test and simulation is shown in a similar plot 

in Figure 72 and Figure 73. Note that the sprinkler is placed above the top left corner and the 

pans were placed in a 8 x 16 pattern.  
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Figure 72. Water distribution in the pans after the UL1626 test of the sidewall sprinkler 

 

 

Figure 73. Water distribution in the pans in the FDS simulation of the same test as above in 

Figure 72. 

 

The predicted distribution using FDS in Figure 70 through demonstrated an acceptable 

approximation to that measured in the UL1626 tests.  Therefore, the associated FDS input was 
used to model estimated delivered density for the sloped ceiling tests. 

 

FDS Model Layout 
 

The sloped ceiling tests were performed with a mock up roof section measuring 2.4 m x 3.6 m (8 
ft x 12 ft) constructed in HAI’s lab for this purpose. The angle of the ceiling was adjusted to 
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either a 4/12 (18.4°) or an 8/12 ( 33.7°) slope, and both upslope and down slope configurations 

were tested. A single removable beam was also used to test different beam configurations. 
Further information about the tests can be found in Section A.2.3. 

It was desirable to use the same cell size for the numerical grid for all the configurations of 
interest in the FDS modeling, so to capture the largest test and still maintain reasonable run times 

a 5 cm (2 in) cell size was used for the simulations.  The sloped ceiling was modeled as a series 

of small steps in order to conform to the numerical grid. The ‘SAWTOOTH’ property was set to 
false so that the ceiling was regarded as a smooth surface.  A single numerical mesh was used for 

all configurations. The sides of the domain were given the ‘OPEN’ boundary condition to allow 
water to leave the domain, except for at the enclosure walls. The computational domain and the 

numerical grid are shown in Figure 74 for the upslope pendant sprinkler test. 

 

 

Figure 74. Layout of the sloped ceiling sprinkler test showing the 5 cm cell size numerical grid  

The green dots on the floor represent the water collection measurements, in this case in an 11 x 

12 grid.    

Limitations  Due to FDS Droplet Insertion Method 
 

In the FDS model the water droplets are injected into the model at a distance away from the 
sprinkler with a velocity, both specified by the user. Ideally this distance should be the diameter 

of the sprinkler deflector, but this would require an extremely fine grid resolution. If too many 
water droplets are injected into a single grid cell, i.e. too close to the sprinkler, numerical errors 

occur. In the case of the sprinklers used for these tests the droplets had to be injected 0.2 m and 

0.1 m from the pendent and sidewall sprinkler respectively. When the spray pattern extended 
above the plane of the sprinkler the injection of water droplets into the model could then be 
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blocked if the sprinkler is too close to the ceiling.  Figure 74 shows the location of the water 

injected into the FDS model from a pendent sprinkler placed under a sloped ceiling.  

 

Figure 75 . Injection points for water in the FDS model from a sprinkler under sloped ceiling 

A.2.2 Results of FDS Modeling 

The total accumulated mass of water in each 30 x 30 cm pan at the end of the simulation was 
measured and divided by the total run time of 300 s to find the delivered distribution in gpm/ft

2
. 

The plots of the delivered density of water in the pans could then be compared to the measured 
delivered densities from the tests.  

In all plots the sprinkler is placed in the upper right corner of the figure. The sidewall sprinkler is 
pointing in the direction of the shorter y-axis. Note that a larger number of collection pans were 

used in these tests than in the UL 1626 compliance test, as the latter only measures delivered 

density inside the coverage area specified for the sprinklers.  

Since the FDS model for the pendent sprinklers did not include the effects of the arms only 24 of 

the 26 spray distribution tests were modeled.  The two tests for pendent sprinklers with arms 
parallel to the slope (Test 2 and Test 5) were not modeled. 

 

Test 1, 4/12 Slope, Upslope, No Beam, Pendent 
 

The delivered density per minute of the pendent sprinkler under an upslope ceiling from the test 
and FDS are shown in Figure 76 and Figure 77.  

The upslope ceiling does not appear do have any significant effect on the discharge pattern of the 

pendent sprinkler, either in the test or in FDS. Both show distributions that vary little from that 
achieved under the flat ceiling in the UL 1626 test. The sloped ceiling test results show a slightly 

lower ratio of collected water to total discharge in the nearest 8 x 8 cups; 11% compared to 14% 
in the UL 1626 test. In FDS the ratio is similar to the flat ceiling results.  

20 cm

5 cm
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Figure 76. Test 1 measured delivered density, 4/12 slope, upslope, no beam, pendent 

 

 
Figure 77. Test 1 predicted delivered density, 4/12 slope, upslope, no beam, pendent 

 

Test 3, 4/12 Slope, Upslope, No Beam, Sidewall 

 
The delivered density per minute of the sidewall sprinkler under an upslope ceiling from the test 
and FDS are shown in Figure 78 and Figure 79 respectively. The water collection vessels were 

arranged in a 10 x 16 grid.  

The laboratory test shows significantly less water collected in the cups at the far end of the grid 

than is seen in the FDS simulation. This is most likely due to the way the sprinkler spray pattern 

is defined in FDS. From the UL 1626 test of the sidewall sprinkler information is only available 
for 2.4 m (8 ft) to each side of the sprinkler and out to 4.8 m (16 ft) in the direction the sprinkler 
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is pointing. In FDS the spray was described as a half circle, resulting in coverage out to 4.8 m to 

the sides being the same as that 4.8 m forward. This may not be accurate for the real sprinkler, 
but with only the data from the UL 1626 test it was not possible to determine accurate sprinkler 

spray beyond the reported 2.4 m distance to the sides.  
 

 

Figure 78. Test 3 measured delivered density, 4/12 slope, upslope, no beam, sidewall 

 

 

Figure 79. Test 3 predicted delivered density, 4/12 slope, upslope, no beam, sidewall 

 

Test 4, 4/12 Slope, Upslope, 3 ft Beam Spacing, Sidewall 
The delivered density per minute of the sidewall sprinkler under an upslope ceiling with a 0.9 m 

beam spacing from the test and FDS are shown in Figure 80 and Figure 81 respectively.  
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The results of the laboratory test show that water is not thrown further out than container number 

12 at 3.6 m (12 ft) as was the case without a beam. The beam appears to have resulted in a small 
reduction in the amount of water collected beyond the twelfth container, but overall the results 

are similar to that seen without a beam under the ceiling. In the FDS model the water spray is 
completely unaffected by the beam, because the beam was placed at the ceiling, well above the 

water spray from the sprinkler.  

 

 

Figure 80. Test 4 measured delivered density, 4/12 slope, upslope, 3 ft beam spacing, sidewall 

 

 

Figure 81. Test 4 predicted delivered density, 4/12 slope, upslope, 3 ft beam spacing, sidewall 
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Test 6, 4/12 Slope, Upslope, 3 ft Beam Spacing, Pendent 
 

The delivered density per minute of the pendent sprinkler under an upslope ceiling with a 0.9 m 
beam spacing from the test and FDS are shown in Figure 82 and Figure 83 respectively.  

Compared to the same configuration without the beam present, the water distribution is shifted 

towards the sprinkler location. The effect is reproduced in the FDS model as well, but to a lesser 
degree. This is likely caused by the sprinkler being placed two grid cells, or 10 cm, away from 

the ceiling to avoid inserting water droplets inside the obstruction.  
 

 

Figure 82. Test 6 measured delivered density, 4/12 slope, upslope, 3 ft beam spacing, pendent 

 
 

 
Figure 83. Test 6 predicted delivered density, 4/12 slope, upslope, 3 ft beam spacing, pendent 
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Test 7, 4/12 Slope, Upslope, 2 ft Beam Spacing, Pendent 
 

The delivered density per minute from the pendent sprinkler under an upslope ceiling with a 
0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 84 and Figure 85 

respectively.  

The beam blocks the water from reaching the outermost containers. In the FDS model more 
water is collected in containers 9 through 12 than in the comparable test. This is likely because of 

the sprinkler being placed one grid cell below the ceiling in FDS, closer to the bottom edge of 
the beam. When the difference in placement is considered, the FDS model provides good 

replication of the test results.  

 

 

Figure 84. Test 7 measured delivered density, 4/12 slope, upslope, 2 ft beam spacing, pendent 
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Figure 85. Test 7 predicted delivered density, 4/12 slope, upslope, 2 ft beam spacing, pendent 

 

Test 8, 4/12 Slope, Upslope, 2 ft Beam Spacing, Sidewall 
 
The delivered density per minute from the sidewall sprinkler under an upslope ceiling with a 

0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 86 and Figure 87 

respectively.  
 

The water spray is more affected by the beam in the test than in the FDS model. As in the above 
scenario, this may be caused by small differences in the placement of the sprinkler or the beam.  

 

Figure 86. Test 8 measured delivered density, 4/12 slope, upslope, 2 ft beam spacing, sidewall 
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Figure 87. Test 8 predicted delivered density, 4/12 slope, upslope, 2 ft beam spacing, sidewall 

 

 

Test 9, 8/12 Slope, Upslope, 3 ft Beam Spacing, Sidewall 
 

The delivered density per minute from the sidewall sprinkler under an upslope ceiling with a 

0.9 m (3 ft) beam spacing from the test and FDS are shown in Figure 88 and Figure 89 
respectively.   FDS predictions show water delivery at a further distance than in the test; 

however, within the listed area beneath the sprinkler, FDS predicts a similar distribution. 
 

 

Figure 88. Test 9 measured delivered density, 8/12 slope, upslope, 3 ft beam spacing, sidewall 
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Figure 89. Test 9 predicted delivered density, 8/12 slope, upslope, 3 ft beam spacing, sidewall 

 

Test 10, 8/12 Slope, Upslope, 2 ft Beam Spacing, Sidewall 
 
The delivered density per minute from the sidewall sprinkler under an upslope ceiling with a 

0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 90 and Figure 91 

respectively.   FDS predictions show water delivery at a further distance than in the test; 
however, within the listed area beneath the sprinkler, FDS predicts a similar distribution. 

 

 

Figure 90. Test 10 measured delivered density, 8/12 slope, upslope, 2 ft beam spacing, sidewall 
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Figure 91. Test 10 predicted delivered density, 8/12 slope, upslope, 2 ft beam spacing, sidewall 
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Test 11, 8/12 Slope, Upslope, 2 ft Beam Spacing, Pendent 
 
The delivered density per minute from the sidewall sprinkler under an upslope ceiling with a 

0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 92 and Figure 93 
respectively.   FDS predictions show water delivery at a further distance than in the test; 

however, within the listed area beneath the sprinkler, FDS predicts a similar distribution. 

 

 

Figure 92. Test 11 measured delivered density, 8/12 slope, upslope, 2 ft beam spacing, pendent 

 

 

Figure 93. Test 11 measured delivered density, 8/12 slope, upslope, 2 ft beam spacing, pendent 
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Test 12, 8/12 Slope, Upslope, 3 ft Beam Spacing, Pendent 
 
The delivered density per minute of the pendent sprinkler under an upslope ceiling with a 0.9 m 

beam spacing from the test and FDS are shown in Figure 94 and Figure 95 respectively.  

 

Figure 94. Test 12 measured delivered density, 8/12 slope, upslope, 3 ft beam spacing, pendent 

 

Figure 95. Test 12 predicted delivered density, 8/12 slope, upslope, 3 ft beam spacing, pendent 
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Test 13, 8/12 Slope, Upslope, No Beam, Pendent 
 
The delivered density per minute from the pendent sprinkler under a smooth upslope ceiling 

from the test and FDS are shown in Figure 96 and Figure 97 respectively.  
 

The water distribution shows little change from the flat ceiling UL 1626 tests inside the eight 

nearest collection containers. Compared to the 4/12 slope test the water density is higher at the 
outermost containers, likely caused by the water being sprayed at a more upward angle. The test 

and FDS water distribution patterns show good agreement.  

 

Figure 96. Test 13 measured delivered density, 8/12 slope, upslope, no beam, pendent 

 

Figure 97. Test 13 predicted delivered density, 8/12 slope, upslope, no beam, pendent 
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Test 14, 8/12 Slope, Upslope, No Beam, Sidewall 
 
The delivered density per minute from the sidewall sprinkler under a smooth upslope ceiling 

from the test and FDS are shown in Figure 98 and Figure 99 respectively.  
 

As seen in the similar scenario with a 4/12 slope the water distribution in FDS is unchanged from 

the flat ceiling results, whereas the test shows lower water density delivered to the outermost 
containers.  

 

Figure 98. Test 14 measured delivered density, 8/12 slope, upslope, no beam, sidewall 

 

Figure 99. Test 14 predicted delivered density, 8/12 slope, upslope, no beam, sidewall 
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Test 15, 4/12 Slope, Down slope, No Beam, Sidewall 
 

The delivered density per minute of the sidewall sprinkler under a down slope ceiling from the 
test and FDS are shown in Figure 100 and Figure 101 respectively. 

 

The plot of the test data shows signs of water running down the walls and being collected in the 
containers, which will not be recreated in FDS. Both the test and FDS data show that the 

sprinkler spray impacts the down slope ceiling and no water is collected past a certain distance 
from the sprinkler. This occurs closer to the sprinkler in the test than in FDS, which is likely 

caused by the slight inaccuracies associated with the sprinkler position having to conform to the 

numerical grid and also the creation of the water particles some distance from the actual 
sprinkler. Overall the FDS model manages to replicate the effect seen in the test.  

 

 

Figure 100. Test 15 measured delivered density, 8/12 slope, down slope, no beam, sidewall 
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Figure 101. Test 15 predicted delivered density, 8/12 slope, down slope, no beam, sidewall 

Test 16, 4/12 Slope, Down slope, No Beam, Pendent 
 

The water density distribution results for a pendent sprinkler under the down slope ceiling slope 
configuration are shown for the test and the FDS model in Figure 102 and 103 respectively.  

 

There was little difference from the flat ceiling results for the 2.4 x 2.4 m (8 x 8 ft) collection 
area nearest the sprinkler which can be compared to the UL 1626 test. Outside of this area there 

are no data available. It is also considered outside of the coverage area of the sprinkler. The large 
amount of water collected in the second row of containers close to the wall (top left corner), 

appeared to be the result of the water spray striking the wall and bouncing back, collecting in 

containers close to the wall, mainly in the second row. This effect was not replicated in FDS as it 
does not model elastic collisions of drops on surfaces. 

The FDS results indicate a shift of delivered density to the collection containers further away 
from the center, but overall the distribution remains relatively even. It is clear that the containers 

at the extreme corner are outside the coverage area when the sprinkler is placed in the down 

slope position as no water is collected there.   
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Figure 102. Test 16 measured delivered density, 4/12 slope, down slope, no beam, pendent 

 

Figure 103. Test 16 predicted delivered density, 4/12 slope, down slope, no beam, pendent 

Test 17, 4/12 Slope, Down slope, 3 ft Beam Spacing, Pendent 
 
The delivered density per minute of the pendent sprinkler under a down slope ceiling with a 

0.9 m beam spacing from the test and FDS are shown in Figure 104 and Figure 105 respectively.  

The beam on a down slope ceiling had a significant impact on the water distribution from the 
pendent sprinkler. Practically all of the water was blocked from the containers beyond the eighth 

row and instead concentrated in a small area under the sprinkler. This effect was replicated in the 
FDS model, where the water spray also did not extend beyond approximately the eighth row of 

containers. The ratio of water collected to that discharged in the test was 29% which was higher 

than in the FDS model where it was calculated at only 22%.  

11

8

5

2

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

1 2 3 4 5 6 7 8 9 10 11 12

D
e

liv
e

re
d

 D
e

n
si

ty
 (g

p
m

/f
t2

)

TEST

11

8

5

2

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

1 2 3 4 5 6 7 8 9 10 11 12

D
e

liv
e

re
d

 D
e

n
si

ty
 (g

p
m

/f
t2

)

FDS



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

95 

 

 

Figure 104. Test 17 measured delivered density, 4/12 slope, down slope, 3 ft beam spacing, 
pendent 

 

 

Figure 105. Test 17 predicted delivered density, 4/12 slope, down slope, 3 ft beam spacing, 

pendent 
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Test 18, 4/12 Slope, Down slope, 2 ft Beam Spacing, Pendent 
 
The delivered density per minute from the pendent sprinkler under a down slope ceiling with a 

0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 106 and Figure 107 
respectively.  

The down slope ceiling blocked the water beyond the eighth row of containers and FDS 

replicated the test results well.  

 

Figure 106. Test 18 measured delivered density, 4/12 slope, down slope, 2 ft beam spacing, 

pendent 

 

 

Figure 107. Test 18 measured delivered density, 4/12 slope, down slope, 2 ft beam spacing, 

pendent 
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Test 19, 4/12 Slope, Down slope, 3 ft Beam Spacing, Sidewall 
 

The delivered density per minute from the sidewall sprinkler under a down slope ceiling with a 
0.9 m beam spacing from the test and FDS are shown in Figure 108 and Figure 109 respectively.  

 

The down slope ceiling blocked the water spray from going beyond container number 8-10. The 
distribution seen in the test wass well replicated in the FDS model.  

 

 

Figure 108. Test 19 measured delivered density, 4/12 slope, down slope, 3 ft beam spacing, 

sidewall 

 
Figure 109. Test 19 predicted delivered density, 4/12 slope, down slope, 3 ft beam spacing, 

sidewall 
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Test 20, 4/12 Slope, Down slope, 2 ft Beam Spacing, Sidewall 
 
The delivered density per minute from the sidewall sprinkler under a down slope ceiling with a 

0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 110 and Figure 111 
respectively.  

The water distribution in FDS and the test show a similar maximum throw distance, with both 

reaching container number 6-7 before being blocked by the ceiling and the beam. In the test a 
large amount of water wass collected by the containers in the center beyond the seventh row. It is 

not clear what caused this effect.  
 

 

Figure 110. Test 20 measured delivered density, 4/12 slope, down slope, 2 ft beam spacing, 

sidewall 

10

8

6

4

2

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

D
e

liv
e

re
d

 D
e

n
si

ty
 (g

p
m

/f
t2

)

TEST



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

99 

 

Figure 111. Test 20 predicted delivered density, 4/12 slope, down slope, 2 ft beam spacing, 

sidewall 

 

Test 21, 8/12 Slope, Down slope, 3 ft Beam Spacing, Sidewall 
 

The delivered density per minute from the sidewall sprinkler under a down slope ceiling with a 

0.9 m (3 ft) beam spacing from the test and FDS are shown in Figure 112 and Figure 113.  
 

The water distribution in FDS and the test showed a similar maximum throw distance, with both 
reaching container numbers 5-6 before being blocked by the ceiling and beam.  
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Figure 112. Test 21 measured delivered density, 8/12 slope, down slope, 3 ft beam spacing, 

sidewall 

 

Figure 113. Test 21 predicted delivered density, 8/12 slope, down slope, 3 ft beam spacing, 

sidewall 

 

Test 22, 8/12 Slope, Down slope, 2 ft Beam Spacing, Sidewall 
 
The delivered density per minute from the sidewall sprinkler under a down slope ceiling with a 

0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 114 and Figure 115.  
 

The water distribution in FDS and the test showed a similar maximum throw distance, with both 

reachingcontainer number 10 before being blocked by the ceiling and the beam.  
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Figure 114. Test 22 measured delivered density, 8/12 slope, down slope, 2 ft beam spacing, 

sidewall 

 

 

Figure 115. Test 22 predicted delivered density, 8/12 slope, down slope, 2 ft beam spacing, 
sidewall 

 

Test 23, 8/12 Slope, Down slope, 2 ft Beam Spacing, Pendent 
 

The delivered density per minute from the pendent sprinkler under a down slope ceiling with a 
0.6 m (2 ft) beam spacing from the test and FDS are shown in Figure 116 and Figure 117.  

 

The water distribution in FDS and the test showed a similar maximum throw distance, with both 
reaching container number 4-5 before being blocked by the ceiling and the beam.  
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Figure 116. Test 23 measured delivered density, 8/12 slope, down slope, 2 ft beam spacing, 

pendent 

 

 

Figure 117. Test 23 predicted delivered density, 8/12 slope, down slope, 2 ft beam spacing, 
pendent 

Test 24, 8/12 Slope, Down slope, 3 ft Beam Spacing, Pendent 
 
The delivered density per minute from the pendent sprinkler under a down slope ceiling with a 

0.9 m (3 ft) beam spacing from the test and FDS are shown in Figure 118 and Figure 119.  
 

The water distribution in FDS and the test showed a similar maximum throw distance, with both 

reaching container numbers 6 and 7 before being blocked by the ceiling and the beam.  
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Figure 118. Test 24 measured delivered density, 8/12 slope, down slope, 3 ft beam spacing, 
pendent 

 

 

Figure 119. Test 24 predicted delivered density, 8/12 slope, down slope, 3 ft beam spacing, 

pendent 
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Test 25, 8/12 Slope, Down slope, No Beam, Pendent 
 
The delivered density per minute from the pendent sprinkler under a smooth upslope ceiling 

from the test and FDS are shown in Figure 120 and Figure 121.  
 

The FDS model replicated the cut off point for the water distribution from the test, but the 

amount of water collected in the containers was lower than seen in the test data. Observing the 
water spray in Smokeview indicated that the cause of this may have been the placement of the 

sprinkler in relation to the ceiling and the stair step shape of the ceiling. Most the water spray 
impacted the ceiling and fell straight down, resulting in few droplets reaching the containers 

further out. In the test it was clear that a larger amount of water was able to avoid the ceiling 

immediately above the sprinkler.  

 

Figure 120. Test 25 measured delivered density, 8/12 slope, down slope, no beam, pendent 
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Figure 121. Test 25 predicted delivered density, 8/12 slope, down slope, no beam, pendent 

Test 26, 8/12 Slope, Down slope, No Beam, Sidewall 
 

The delivered density per minute from the sidewall sprinkler under a smooth down slope ceiling 
from the test and FDS are shown in Figure 122 and Figure 123 respectively.  

 

With a down slope ceiling configuration FDS was able to replicate the effects of the ceiling on 
the water distribution, with no water collected beyond the 10-12

th
 row of containers. Less water 

was collected in FDS since droplets bouncing off the walls were not counted.  

 

Figure 122. Test 26 measured delivered density, 8/12 slope, down slope, no beam, sidewall 
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Figure 123. Test 26 predicted delivered density, 8/12 slope, down slope, no beam, sidewall 

 
A.3 Measured Data from Tests 

 
The following tables contain the measured data that are plotted in the previous section. 

 

TEST 1 (GPM/ft
2
) 
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0.026 0.030 0.032 0.041 0.082 0.068 0.041 0.032 0.029 0.028 0.027 0.024

0.019 0.019 0.018 0.021 0.032 0.034 0.034 0.033 0.032 0.031 0.030 0.028

0.018 0.018 0.014 0.013 0.018 0.023 0.026 0.031 0.034 0.035 0.032 0.027

0.019 0.020 0.015 0.013 0.012 0.015 0.021 0.027 0.031 0.033 0.028 0.021

0.021 0.021 0.015 0.014 0.013 0.012 0.014 0.020 0.025 0.030 0.028 0.021

0.020 0.021 0.016 0.015 0.016 0.014 0.013 0.014 0.017 0.023 0.025 0.021

0.018 0.021 0.018 0.014 0.016 0.017 0.016 0.013 0.013 0.015 0.018 0.019

0.017 0.022 0.022 0.015 0.015 0.018 0.019 0.016 0.013 0.011 0.012 0.012

0.016 0.023 0.026 0.016 0.014 0.018 0.021 0.019 0.015 0.011 0.010 0.008

0.015 0.024 0.031 0.018 0.013 0.017 0.022 0.022 0.017 0.013 0.011 0.008

0.014 0.022 0.033 0.022 0.014 0.016 0.021 0.024 0.019 0.014 0.012 0.009
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TEST 2 (GPM/ft
2
) 

 

 
 
TEST 3 (GPM/ft

2
) 

 

 
 

  

0.029 0.036 0.128 0.153 0.136 0.081 0.044 0.027 0.021 0.020 0.020 0.020

0.027 0.025 0.030 0.037 0.038 0.030 0.025 0.021 0.019 0.017 0.017 0.017

0.027 0.025 0.020 0.015 0.015 0.017 0.018 0.018 0.018 0.018 0.018 0.017

0.027 0.027 0.019 0.016 0.012 0.012 0.013 0.016 0.019 0.020 0.020 0.020

0.026 0.028 0.020 0.017 0.016 0.013 0.012 0.012 0.015 0.020 0.022 0.023

0.027 0.028 0.025 0.018 0.017 0.017 0.014 0.012 0.011 0.014 0.017 0.020

0.028 0.028 0.029 0.021 0.017 0.018 0.018 0.015 0.012 0.010 0.011 0.013

0.029 0.027 0.032 0.024 0.017 0.016 0.019 0.019 0.016 0.012 0.010 0.009

0.030 0.024 0.030 0.028 0.017 0.013 0.016 0.020 0.020 0.015 0.011 0.009

0.028 0.021 0.026 0.030 0.017 0.011 0.012 0.015 0.019 0.018 0.014 0.010

0.025 0.018 0.021 0.030 0.018 0.010 0.008 0.010 0.013 0.016 0.016 0.012

0.070 0.075 0.089 0.092 0.135 0.033 0.015 0.010 0.008 0.005 0.004 0.004 0.003 0.002 0.000 0.000

0.051 0.044 0.048 0.058 0.066 0.058 0.034 0.027 0.026 0.024 0.023 0.020 0.015 0.012 0.005 0.002

0.036 0.016 0.019 0.021 0.022 0.022 0.020 0.021 0.023 0.026 0.026 0.025 0.021 0.017 0.012 0.005

0.035 0.018 0.017 0.022 0.022 0.019 0.019 0.018 0.018 0.017 0.016 0.014 0.010 0.005 0.003 0.002

0.040 0.021 0.016 0.019 0.025 0.027 0.027 0.022 0.017 0.014 0.013 0.012 0.010 0.004 0.002 0.000

0.054 0.022 0.016 0.016 0.022 0.028 0.036 0.037 0.023 0.014 0.012 0.012 0.009 0.005 0.002 0.001

0.073 0.026 0.017 0.014 0.018 0.026 0.038 0.054 0.047 0.019 0.012 0.011 0.009 0.005 0.002 0.001

0.086 0.029 0.019 0.015 0.014 0.019 0.035 0.058 0.088 0.052 0.012 0.009 0.007 0.004 0.002 0.001

0.070 0.031 0.022 0.017 0.012 0.013 0.021 0.041 0.077 0.066 0.013 0.008 0.005 0.003 0.002 0.001

0.053 0.030 0.024 0.021 0.016 0.012 0.012 0.019 0.030 0.023 0.009 0.006 0.004 0.002 0.001 0.000
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TEST 4 (GPM/ft
2
) 

 

 
 
TEST 5 (GPM/ft

2
) 

 

 
 

  

0.174 0.095 0.122 0.116 0.069 0.056 0.012 0.006 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000

0.140 0.096 0.086 0.104 0.073 0.046 0.022 0.015 0.011 0.008 0.004 0.002 0.000 0.000 0.000 0.000

0.146 0.056 0.045 0.043 0.026 0.019 0.016 0.015 0.013 0.012 0.009 0.006 0.000 0.000 0.000 0.000

0.120 0.055 0.040 0.040 0.024 0.019 0.016 0.015 0.013 0.013 0.010 0.006 0.000 0.000 0.000 0.000

0.131 0.053 0.035 0.042 0.031 0.031 0.023 0.016 0.012 0.010 0.009 0.007 0.000 0.000 0.000 0.000

0.098 0.047 0.034 0.062 0.031 0.039 0.043 0.025 0.011 0.008 0.008 0.007 0.000 0.000 0.000 0.000

0.090 0.041 0.036 0.074 0.025 0.038 0.063 0.062 0.018 0.007 0.008 0.007 0.000 0.000 0.000 0.000

0.082 0.039 0.035 0.035 0.018 0.029 0.062 0.112 0.044 0.009 0.006 0.005 0.000 0.000 0.000 0.000

0.066 0.040 0.036 0.026 0.015 0.016 0.034 0.070 0.032 0.008 0.004 0.003 0.000 0.000 0.000 0.000

0.057 0.040 0.034 0.028 0.017 0.012 0.012 0.017 0.010 0.005 0.004 0.002 0.000 0.000 0.000 0.000

0.087 0.062 0.138 0.147 0.048 0.025 0.015 0.011 0.010 0.007 0.007 0.007

0.070 0.036 0.092 0.088 0.023 0.011 0.009 0.008 0.008 0.008 0.009 0.017

0.052 0.025 0.061 0.120 0.024 0.012 0.008 0.006 0.005 0.005 0.005 0.017

0.041 0.023 0.043 0.082 0.023 0.015 0.010 0.008 0.005 0.004 0.003 0.011

0.033 0.020 0.026 0.037 0.021 0.018 0.014 0.011 0.009 0.006 0.004 0.005

0.027 0.020 0.017 0.019 0.020 0.023 0.018 0.015 0.014 0.011 0.007 0.003

0.025 0.020 0.016 0.013 0.020 0.025 0.020 0.014 0.012 0.012 0.008 0.005

0.027 0.028 0.015 0.013 0.017 0.026 0.027 0.018 0.009 0.007 0.006 0.004

0.032 0.029 0.017 0.013 0.015 0.023 0.029 0.022 0.009 0.004 0.002 0.000

0.036 0.034 0.020 0.013 0.013 0.019 0.024 0.022 0.010 0.002 0.001 0.000

0.034 0.036 0.022 0.016 0.015 0.017 0.019 0.018 0.008 0.002 0.001 0.000
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TEST 6 (GPM/ft
2
) 

 

 
 
TEST 7 (GPM/ft

2
) 

 

 
 

  

0.054 0.057 0.110 0.070 0.035 0.023 0.020 0.019 0.019 0.021 0.021 0.019

0.040 0.037 0.071 0.035 0.019 0.016 0.016 0.016 0.016 0.014 0.010 0.005

0.035 0.023 0.062 0.031 0.013 0.012 0.013 0.014 0.014 0.013 0.009 0.005

0.032 0.018 0.049 0.059 0.013 0.010 0.010 0.013 0.010 0.010 0.008 0.004

0.032 0.016 0.045 0.035 0.015 0.012 0.010 0.008 0.006 0.005 0.004 0.002

0.027 0.017 0.033 0.022 0.013 0.014 0.013 0.010 0.006 0.003 0.004 0.001

0.026 0.017 0.021 0.016 0.013 0.013 0.015 0.015 0.010 0.004 0.001 0.001

0.026 0.018 0.018 0.018 0.014 0.012 0.014 0.018 0.017 0.008 0.002 0.001

0.029 0.023 0.021 0.021 0.018 0.014 0.014 0.016 0.018 0.014 0.004 0.001

0.033 0.031 0.028 0.026 0.023 0.018 0.014 0.013 0.014 0.013 0.007 0.001

0.043 0.046 0.043 0.036 0.032 0.024 0.017 0.014 0.011 0.009 0.005 0.001

0.099 0.137 0.159 0.033 0.021 0.013 0.009 0.008 0.007 0.008 0.006 0.003

0.090 0.119 0.046 0.016 0.010 0.009 0.009 0.010 0.011 0.012 0.010 0.006

0.050 0.107 0.046 0.016 0.010 0.007 0.007 0.007 0.009 0.012 0.012 0.008

0.027 0.075 0.055 0.015 0.011 0.009 0.006 0.005 0.003 0.004 0.004 0.003

0.019 0.041 0.048 0.016 0.013 0.011 0.009 0.006 0.003 0.001 0.001 0.001

0.016 0.025 0.030 0.015 0.014 0.012 0.011 0.009 0.004 0.001 0.001 0.000

0.014 0.018 0.016 0.014 0.015 0.014 0.009 0.006 0.004 0.002 0.001 0.000

0.015 0.017 0.014 0.013 0.016 0.016 0.010 0.003 0.002 0.001 0.001 0.000

0.018 0.019 0.015 0.012 0.015 0.018 0.013 0.003 0.001 0.001 0.001 0.000

0.022 0.024 0.018 0.012 0.013 0.018 0.015 0.004 0.001 0.001 0.001 0.000

0.031 0.031 0.022 0.015 0.015 0.015 0.014 0.005 0.001 0.001 0.001 0.000
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TEST 8 (GPM/ft
2
) 

 

 
 

0.177 0.162 0.168 0.095 0.072 0.034 0.014 0.006 0.004 0.003 0.002 0.001 0.000 0.000 0.000 0.000

0.127 0.075 0.051 0.032 0.021 0.013 0.009 0.008 0.007 0.007 0.005 0.003 0.000 0.000 0.000 0.000

0.129 0.054 0.039 0.028 0.019 0.014 0.011 0.009 0.006 0.004 0.002 0.001 0.000 0.000 0.000 0.000

0.108 0.044 0.063 0.025 0.026 0.024 0.020 0.011 0.005 0.002 0.001 0.001 0.000 0.000 0.000 0.000

0.117 0.057 0.160 0.021 0.023 0.031 0.038 0.031 0.009 0.001 0.001 0.000 0.000 0.000 0.000 0.000

0.147 0.079 0.125 0.017 0.019 0.028 0.048 0.030 0.036 0.004 0.001 0.000 0.000 0.000 0.000 0.000

0.154 0.101 0.131 0.015 0.012 0.022 0.041 0.085 0.099 0.015 0.002 0.001 0.000 0.000 0.000 0.000

0.123 0.103 0.073 0.017 0.009 0.009 0.019 0.041 0.047 0.009 0.002 0.007 0.000 0.000 0.000 0.000

0.097 0.079 0.048 0.022 0.012 0.005 0.004 0.008 0.007 0.002 0.001 0.001 0.000 0.000 0.000 0.000

0.080 0.064 0.050 0.029 0.018 0.008 0.003 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000
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TEST 9 (GPM/ft
2
) 

 

 
 
TEST 10 (GPM/ft

2
) 

 

 
 

0.189 0.093 0.092 0.100 0.080 0.045 0.027 0.012 0.010 0.009 0.008 0.007 0.005 0.002 0.001 0.000

0.174 0.071 0.071 0.058 0.059 0.045 0.030 0.025 0.025 0.027 0.030 0.033 0.031 0.022 0.017 0.004

0.110 0.028 0.023 0.022 0.024 0.021 0.019 0.020 0.022 0.023 0.022 0.019 0.014 0.012 0.006 0.011

0.088 0.029 0.018 0.020 0.021 0.022 0.020 0.020 0.020 0.018 0.014 0.010 0.004 0.002 0.000 0.000

0.128 0.038 0.018 0.020 0.025 0.028 0.031 0.026 0.020 0.016 0.014 0.011 0.005 0.001 0.000 0.000

0.207 0.059 0.023 0.019 0.023 0.028 0.036 0.047 0.031 0.015 0.012 0.010 0.006 0.002 0.000 0.000

0.212 0.066 0.029 0.022 0.022 0.028 0.039 0.060 0.066 0.028 0.012 0.009 0.005 0.002 0.000 0.000

0.209 0.059 0.029 0.026 0.023 0.024 0.038 0.066 0.109 0.061 0.010 0.006 0.004 0.001 0.000 0.000

0.192 0.055 0.029 0.028 0.026 0.023 0.026 0.043 0.068 0.026 0.011 0.006 0.002 0.001 0.000 0.000

0.139 0.055 0.033 0.030 0.029 0.026 0.024 0.022 0.018 0.012 0.009 0.005 0.002 0.001 0.000 0.000

0.101 0.083 0.106 0.114 0.090 0.058 0.026 0.014 0.011 0.010 0.009 0.008 0.005 0.003 0.002 0.001

0.069 0.044 0.046 0.051 0.052 0.042 0.028 0.023 0.022 0.023 0.025 0.028 0.025 0.021 0.017 0.012

0.064 0.021 0.021 0.022 0.022 0.019 0.019 0.020 0.022 0.023 0.024 0.024 0.023 0.022 0.018 0.011

0.062 0.023 0.020 0.021 0.022 0.022 0.020 0.019 0.019 0.018 0.016 0.014 0.011 0.006 0.002 0.001

0.062 0.026 0.019 0.021 0.025 0.028 0.029 0.025 0.020 0.017 0.015 0.013 0.010 0.006 0.002 0.000

0.072 0.031 0.021 0.020 0.023 0.029 0.035 0.040 0.032 0.017 0.013 0.013 0.011 0.007 0.002 0.000

0.090 0.035 0.024 0.022 0.022 0.027 0.036 0.052 0.061 0.032 0.013 0.011 0.009 0.007 0.002 0.001

0.110 0.042 0.026 0.023 0.022 0.023 0.032 0.054 0.091 0.083 0.020 0.010 0.007 0.005 0.001 0.000

0.109 0.048 0.030 0.025 0.024 0.022 0.023 0.038 0.070 0.073 0.020 0.010 0.005 0.003 0.001 0.000

0.090 0.051 0.035 0.028 0.026 0.024 0.022 0.023 0.028 0.024 0.014 0.009 0.005 0.002 0.000 0.000
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TEST 11 (GPM/ft
2
) 

 

 
 
TEST 12 (GPM/ft

2
) 

 

 

0.060 0.132 0.185 0.077 0.026 0.013 0.009 0.007 0.006 0.006 0.005 0.004

0.062 0.139 0.148 0.038 0.015 0.009 0.007 0.006 0.005 0.004 0.005 0.004

0.052 0.118 0.114 0.031 0.009 0.007 0.006 0.005 0.004 0.005 0.004 0.004

0.032 0.079 0.111 0.026 0.008 0.005 0.004 0.004 0.004 0.004 0.005 0.004

0.024 0.052 0.062 0.019 0.008 0.005 0.003 0.003 0.004 0.004 0.004 0.003

0.023 0.031 0.040 0.016 0.008 0.005 0.004 0.003 0.003 0.003 0.003 0.002

0.022 0.020 0.026 0.016 0.007 0.005 0.004 0.004 0.003 0.002 0.002 0.002

0.023 0.016 0.018 0.016 0.010 0.005 0.004 0.004 0.004 0.003 0.002 0.001

0.022 0.015 0.017 0.018 0.013 0.006 0.004 0.004 0.004 0.003 0.002 0.001

0.020 0.013 0.017 0.020 0.017 0.008 0.003 0.003 0.004 0.003 0.002 0.001

0.017 0.013 0.017 0.023 0.021 0.011 0.004 0.002 0.003 0.002 0.001 0.001

0.170 0.083 0.091 0.150 0.050 0.024 0.017 0.013 0.011 0.011 0.010 0.010

0.167 0.079 0.113 0.157 0.027 0.015 0.011 0.010 0.009 0.009 0.009 0.008

0.110 0.064 0.099 0.143 0.021 0.013 0.010 0.009 0.009 0.008 0.008 0.007

0.050 0.041 0.064 0.140 0.018 0.010 0.008 0.008 0.008 0.009 0.008 0.007

0.033 0.035 0.050 0.141 0.018 0.009 0.007 0.006 0.008 0.008 0.008 0.007

0.056 0.043 0.044 0.053 0.016 0.010 0.007 0.006 0.006 0.007 0.007 0.006

0.029 0.040 0.034 0.025 0.014 0.010 0.008 0.006 0.005 0.004 0.005 0.004

0.017 0.021 0.024 0.019 0.014 0.010 0.009 0.008 0.006 0.004 0.003 0.002

0.013 0.014 0.018 0.019 0.015 0.010 0.009 0.009 0.009 0.006 0.003 0.001

0.010 0.010 0.017 0.020 0.017 0.011 0.008 0.009 0.009 0.007 0.003 0.001

0.006 0.007 0.017 0.023 0.020 0.012 0.008 0.008 0.009 0.006 0.004 0.001
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TEST 13 (GPM/ft
2
) 

 

 
 
TEST 14 (GPM/ft

2
) 

 

 
 

 

 
  

0.034 0.046 0.049 0.089 0.062 0.034 0.023 0.019 0.019 0.019 0.019 0.020

0.017 0.019 0.026 0.029 0.027 0.023 0.019 0.018 0.018 0.018 0.019 0.019

0.016 0.014 0.014 0.016 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017

0.017 0.015 0.013 0.012 0.013 0.015 0.016 0.017 0.017 0.018 0.018 0.017

0.016 0.017 0.014 0.014 0.013 0.013 0.013 0.014 0.016 0.017 0.019 0.019

0.016 0.018 0.014 0.014 0.015 0.014 0.013 0.013 0.014 0.016 0.018 0.019

0.016 0.017 0.015 0.013 0.014 0.015 0.015 0.013 0.013 0.013 0.015 0.016

0.017 0.016 0.016 0.014 0.013 0.014 0.014 0.015 0.015 0.013 0.012 0.012

0.018 0.015 0.016 0.015 0.013 0.012 0.014 0.016 0.018 0.016 0.013 0.011

0.018 0.016 0.018 0.018 0.014 0.012 0.013 0.016 0.018 0.018 0.015 0.012

0.018 0.019 0.022 0.022 0.018 0.013 0.012 0.014 0.018 0.018 0.016 0.013

0.084 0.093 0.102 0.095 0.062 0.034 0.012 0.013 0.011 0.012 0.011 0.010 0.008 0.006 0.005 0.000

0.048 0.048 0.056 0.056 0.052 0.042 0.029 0.023 0.020 0.019 0.022 0.024 0.026 0.027 0.026 0.021

0.030 0.023 0.024 0.027 0.025 0.022 0.019 0.019 0.020 0.021 0.023 0.022 0.020 0.017 0.012 0.006

0.024 0.019 0.019 0.020 0.020 0.019 0.018 0.017 0.018 0.018 0.018 0.015 0.013 0.008 0.004 0.001

0.025 0.021 0.021 0.023 0.023 0.024 0.023 0.022 0.018 0.016 0.015 0.014 0.012 0.008 0.004 0.001

0.027 0.021 0.022 0.024 0.027 0.030 0.035 0.035 0.026 0.014 0.013 0.012 0.011 0.008 0.004 0.001

0.035 0.021 0.023 0.025 0.028 0.034 0.046 0.059 0.048 0.018 0.011 0.010 0.008 0.005 0.003 0.001

0.045 0.024 0.023 0.025 0.027 0.034 0.052 0.080 0.084 0.029 0.011 0.008 0.006 0.003 0.001 0.000

0.053 0.030 0.025 0.025 0.025 0.027 0.041 0.061 0.062 0.021 0.011 0.006 0.004 0.002 0.001 0.000

0.056 0.036 0.029 0.027 0.025 0.027 0.027 0.027 0.021 0.013 0.010 0.005 0.003 0.001 0.000 0.000
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APPENDIX B: Sloped Ceiling Fire Tests and FDS Modeling 
 
B.1 Tests Under a Sloped Ceiling 

 
The purpose of these tests was to generate temperature data along a sloped section of ceiling to 

use to validate the modeling approach.  Propane sand burner fires were placed in multiple 

locations under a sloped ceiling with various beam and sidewall configurations.  Ceiling 
temperatures were measured at 24 locations. 

 
B.1.1 Test Configuration 

The ceiling for these tests consisted of a variable height corridor apparatus.  This apparatus was 

previously existing and a full description of it can be found in [9].  The corridor apparatus is 14.6 
m (48 ft) long and 3.7 m (12 ft) wide.  The ceiling of the corridor was constructed from 3-5/8 in., 

18 Ga steel studs onto which 6.35 mm (0.25 in.) gypsum wall board was mounted. All ceiling 
joints were sealed using silicone caulk and metal tape. 

 

A structural frame was installed atop the ceiling in order to provide a means of lifting the 
corridor and maintain rigidity in both the lateral and longitudinal directions. As shown in Figure 

124, the structural frame consists of a network of 12 Ga steel channels designed to maintain the 
rigidity of the ceiling and a lift bar used to hoist and support the corridor once elevated. The 

network of steel channel is welded to the ceiling frame at various locations. The steel channel 

network is secured to the lift bar at ten locations using structural nut/bolt assemblies. The lift bar 
is constructed from 7.6 cm (3 in.) square box tubing with a 6.35 mm (0.25 in.) wall thickness. A 

total of five structural eye hooks are installed on the lift bar. Two of the eyehooks serve as the lift 
points for the corridor ceiling. At these locations, winch cabling is attached via lifting hooks. 

Each cabling system then traverses a pulley system before being connected to a Thern Model 

4WP2T8 hoisting winch. The remaining three connection points are attached to additional strap 
safety supports to provide additional means of distributing the weight of the corridor as well as 

providing resistance to any longitudinal sway of the ceiling.  The system is arranged such that 
the support straps and lift points alternate from one end to the other, starting and ending with 

support straps on either end.  The straps are placed at 1.8 m (6 ft) from the ends and at the exact 

center.  The lift points are placed at 3.0 m (10 ft) from each end. 
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Figure 124. Illustration Showing the Connection between Steel Stud Framing (gray), 

Longitudinal Spine Sections (green), Lateral Lifting Members (red), and Lift Bar (blue) 
 

The corridor winches were used to elevate one end of the corridor to a height of 6.1 m (20 ft) and 
lower the other end to a height of 2.4 m (8 ft). This height difference over the (48 ft) length of 

the corridor produced a 15° angled slope along the longitudinal distance of the corridor.   

The low end of the corridor was attached to an “L” shaped wall.  The wall spanned 3.7 m (12 ft) 
across the back wall and 4.9 m (16 ft) along the side wall.  This wall was constructed of 12.7 mm 

(0.5 in.) gypsum wall board and provided the various entrainment features to each fire test 
location to be examined.  A fire blanket was hung along the opposite sidewall to prevent damage 

to adjacent laboratory equipment and to help prevent the escape of hot gases. 

 
Along the entire length of the corridor ceiling, partial walls extending vertically downward were 

also constructed.  These walls were constructed from steel stud and gypsum wall board (GWB) 
and were attached to the longitudinal edges of the ceiling. The partial walls extended 

approximately 1.2 m (4 ft) below the ceiling of the corridor. The remainder of each corridor wall 

extending to the floor consisted of 0.1 mm (4 mil) plastic sheeting. The plastic sheeting was 
attached to the bottom of the rigid wall and allowed to hang freely until reaching the floor. The 

use of collapsible walls maintained the physical boundary conditions of the corridor while 
enabling the wall height to be easily adjusted.  Tests were conducted both with and without the 

sidewalls in place. 

 
The elevated end of the corridor was left open and allowed smoke and heat to freely escape and 

vent to the laboratory directly under the exhaust fan.   
 

The corridor test apparatus was constructed to allow for the installation of beams constructed 

from steel stud framing and 6.35 mm (0.25 in.) gypsum wall board.  Two beam configurations 
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were used in the testing: no beams for a smooth ceiling and beams with a 0.3 m (1 ft) depth at a 

spacing of 1.8 m (6 ft) in the longitudinal direction. 
 

B.1.2 Fire Description 

The fires used a steel propane sand burner (18 x 45 in).  The fire was produced with a fast t
2
 

growth pattern reaching a final size of 300 kW in 30 seconds.  It was desired that the fire size 

allow the ceiling temperatures to reach the residential sprinkler activation temperature, or 68 °C 
(155 °F) while avoiding the potential to cause damage to the facility.  The 300 kW fire size was 

deemed adequate to reach such temperatures at most measurement locations. 
 

The fire heat release rate (HRR) was controlled and maintained by an air rotameter.  Propane for 

testing was supplied from a 45 kg (100 lb) tank of propane supplied through a Sam Dick 
Industries Explosion Proof PowerXP evaporator, and conditioned through a copper coil in a 208 

L (55 gal) water drum at room temperature.  The gas was delivered to the burner by by a 1.2 cm 
(0.5 in.) SCH40 steel pipe and 6 m (20 ft) of flexible gas line.   

 

The test fires were burned in three locations under the corridor as shown in Figure 125.  These 
fires represented three unique entrainment scenarios where the fires were burned in a corner, 

against a single wall, and in the center of the corridor.  Figure 125 also shows the position of the 
ceiling beams.   

 

 

Figure 125. Corridor overhead beam, thermocouple, wall, and fire location orientation 

 

B.1.3 Test Instrumentation 

Ceiling temperatures were measured with type K thermocouples placed 2.5 cm (1 in) below the 

ceiling surface.  A total of 24 thermocouples were placed in beam pockets and along the bottom 

of beams as shown in Figure 125.  Three TCs were placed in each pocket at the sidewalls and in 
the center.  Two TCs were placed on bottom of the beams at one side wall and at the center.  The 

thermocouples are numbered starting at 1 in the upper left corner (Figure 125) and counting 
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down each beam pocket and then beam until reaching TC 24 (the single TC in the final beam 

pocket). 
 

During testing with beams in position, the thermocouples at beam locations were placed 2.5 cm 
(1 in) below the beam.  During smooth ceiling testing, these thermocouples were placed 2.5 cm 

(1 in) below the ceiling surface in the same locations.  No other instrumentation was used or 

other measurements were made in these experiments. 
 

The temperature measurements were recorded by a National Instruments SCXI-1000 data 
acquisition chassis with SCXI-1303, 32-channel isothermal terminal block, and SCXI-1327, 8-

channel high-voltage attenuator terminal blocks. The National Instruments hardware was 

interfaced with Labview 8.5 data acquisition software using a 16-bit PCMCIA converter. The 
data acquisition system can provided data sampling at a rate of 1 Hz. 

 
B.1.4 Test Procedure 

When not in use, a sand burner will be initially filled with air which can take some time to purge 

before there is nearly 100 % propane at the burner surface.  This can make modeling a sand 
burner problematic.  To reduce this effect, the burner fires were pre-ignited at a very low gas 

flow rate and allowed to burn for on the order of 30 seconds.  This resulted in a small 
temperature rise in the corridor (a couple of degrees) but helped to ensure that the gas lines and 

sand burner were propane rich so that the proper t
2
 profile was obtained during testing.  The fires 

were burned for a duration of 10 minutes or until all thermocouples reported the sprinkler 
activation temperature of 68 °C (155 °F).  The next test was initiated when temperatures at the 

ceiling of the corridor returned to ambient conditions. 
 

B.1.5 Test Matrix 

Tests consisted of burning fires in the center of the corridor, along the side wall, and in the back 
corner.  Tests were conducted both with and without beams placed along the ceiling.  Tests were 

also conducted without any sidewalls in place to restrict the flow of smoke.  During the testing 
with no side walls, only the center fire location with no beams scenario was included in the tests.  

This was because gas flow would be directed out of the test region and no data would be 

obtained for the other scenarios.  Each tested scenario was performed in triplicate and all tests 
are summarized in Table 15. 
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Table 15. Test Matrix 

 
 
B.1.7 Test Results 

During each test the temperature at the 24 thermocouple locations was measured for the duration 
of the test.  In order to relate this temperature data to computer simulations and to correlate to the 

activation times of real sprinklers to be installed, the data are presented as the average time from 

first flame ignition until the thermocouple reached the sprinkler activation temperature.  If the 
thermocouple did not reach the temperature, then the average maximum observed temperature at 

that location is reported in degrees Celsius.  Each test scenario was performed in triplicate.  If the 
thermocouple reached activation temperature in greater than zero but less than three of the tests, 

the average time to activation temperature, the average temperature reached without activation, 

and the number of tests reaching activation temperature are reported. 
 

Beamed Ceiling, Center Fire w/ Side Walls 
 
Tests were conducted with beams placed along the ceiling and full side walls entraining the 

gases and directing them up the slope of the ceiling.  The fires were located in the center, side, 

and corner of the corner.  The 300 kW fire burned in the center of the corridor is shown below in 
Figure 126. 

Test Number Ceiling Type Fire Location Side Walls

1 Beamed Center Yes

2 Beamed Center Yes

3 Beamed Center Yes

4 Beamed Side Yes

5 Beamed Side Yes

6 Beamed Side Yes

7 Beamed Corner Yes

8 Beamed Corner Yes

9 Beamed Corner Yes

10 Smooth Corner Yes

11 Smooth Corner Yes

12 Smooth Corner Yes

13 Smooth Side Yes

14 Smooth Side Yes

15 Smooth Side Yes

16 Smooth Center Yes

17 Smooth Center Yes

18 Smooth Center Yes

19 Smooth Center No

20 Smooth Center No

21 Smooth Center No
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Figure 126. Center fire with beamed ceiling and full side walls 

 

The data from these tests is shown in Table 16. 
 

Table 16. Time to reach activation temperature for center fire tests with 

beamed ceilings and side walls 

 
* If the activation temperature is not reached in all tests, then the average time to reach the activation temperature is reported, followed by the 

number of tests in which it was reached, followed by the average of the maximum temperature reached in the other tests 

 
The fire in these tests was centered beneath TC-7, resulting in TC-7 having the shortest time to 

the activation temperature.  The time to reach activation is within approximately one minute for 

all the thermocouples in the first four beam bays and on the first three beams.  Additionally, 

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

59 (5.7) 51 (3.8) 38 (0.6) 177 (47.2) 57 (2.0) 64 (6.6) 89 (21.6) 177 (67.4) 188 (51.5)

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

49 (2.5) 40 (0.6) 34 (1.2) 53 (5.0) 61 (2.5) 63 (1.0) 75 (4.7) 237 (21.9) 230 (23.9)
305 (1 test) 

66.6° C *

TC-3 TC-8 TC-13 TC-18 TC-23

54 (1.0) 40 (2.5) 58 (3.1) 78 (8.7) 164 (39.0)
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there does not appear to be a clear bias in time from one side of the ceiling to the other indicating 

the ceiling level enough that near uniform spilling is occurring under the beams.   The exception 
to this is TC-9 which for an undetermined reason took excess time to reach activation in one test.  

 
There is a change in the flow behavior beyond the fourth beam resulting in a much longer delay 

in activation time from the third bay to the fourth bay than for the previous pairs of beam bays.  

The increase in time to alarm at this point is over 1.5 minutes from the previous beam bay vs. 19 
seconds for the previous beam bay to beam bay increases. 

 
The final thermocouple only reached the activation temperature during one of the three tests; 

although the temperature reached 66.6 °C in the other tests, it had not reached activation after 10 

minutes from ignition. 
 

Beamed Ceiling, Side Fire w/ Side Walls 
 

The next set of tests maintained the ceiling conditions but moved the fire from the center of the 

corridor to the wall directly underneath TC-6.  The test fire is shown in Figure 127.  It can be 
seen in comparison with the center fire shown above that the flame height is greatly increased by 

placing the fire adjacent to the wall.  The flames in this scenario nearly reach the ceiling, where 
the center fire only reached a height of about 1 m (3.1 ft). 

 

Figure 127. Side fire test with beamed ceilings and full side walls 
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The time to reach the activation temperature for the side wall located fires with beamed ceilings 

and side walls is shown in Table 17. 
 

Table 17. Time to reach activation temperature for side fire test with 
beamed ceiling and full side walls 

 
 

The higher flame height generated by the adjacent wall results in a faster rise in thermocouple 

temperatures than for the center fire.  The faster rise also occurred with less test to test deviation 
than the center fire scenarios with the greatest deviation occurring at TC-3 with 6.8 seconds of 

variation as opposed to TC-19 with 67.4 seconds of variation in the center fire tests. 
 

Activation is reached nearly uniformly along the length of the ceiling, with only 42 seconds 

separating the fastest and slowest measurements.  There is also very little difference between the 
activation times between thermocouples placed at the bottom of beams or on the ceiling within 

beam bays. 
 

Beamed Ceiling, Corner Fire w/ Side Walls 
 
The fires were also conducted with greater entrainment by placing the fires in the corner of the 

“L” shaped wall.  This fire scenario is shown in Figure 128 
 

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

49 (2.5) 32 (2.9) 27 (3.1) 42 (4.0) 49 (3.5) 69 (5.1) 63 (3.5) 60 (4.4) 71 (4.0)

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

60 (3.1) 50 (2.1) 33 (3.6) 37 (3.6) 46 (3.8) 53 (3.2) 51 (3.8) 52 (3.1) 61 (3.6) 75 (3.2)

TC-3 TC-8 TC-13 TC-18 TC-23

59 (6.8) 42 (3.5) 42 (3.5) 49 (4.0) 60 (3.5)
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Figure 128. Corner fire test with beamed ceilings and full side walls 

 
The greater entrainment of the corner caused the flames to reach an even higher height than the 

side fire tests.  In this scenario, flames occasionally reached the ceiling surface at TC-1.  The 
time to reach activation temperatures are shown in Table 18. 

 

Table 18. Time to reach activation temperature for corner fire test with 
beamed ceiling and full side walls 

 
 

As with the side wall tests, all thermocouples reached the activation temperature within 1.5 
minutes.  The time to reach activation is slightly longer for the corner fire than the side fire for 

the most remote thermocouples.  This is most likely due to the fact that the corner fire is burned 

at the very base of the wall and the side and center fires are burned underneath beam bay 2. 

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

20 (1.7) 37 (1.2) 37 (1.0) 57 (2.1) 55 (1.5) 73 (6.6) 68 (2.6) 62 (1.5) 79 (3.5)

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

32 (0.6) 33 (1.0) 36 (1.0) 45 (1.5) 49 (1.0) 55 (0.6) 55 (1.5) 58 (2.5) 69 (1.7) 89 (8.1)

TC-3 TC-8 TC-13 TC-18 TC-23

43 (0.6) 41 (1.5) 48 (1.5) 52 (1.2) 64 (1.5)
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The time to alarm and variation of the corner fire tests are generally very similar to the side fires.  
The fire is able to project hot gases quickly to even the farthest thermocouples, and thus is able 

to reach activation temperature much faster than the center fire scenarios for the distant 
measurement locations.  There also does not appear to be a significant effect due to the 

thermocouples placed below the beams as opposed to those on the ceiling within the beam bays. 

 

Smooth Ceiling, Center Fire w/ Side Walls 
 
The same three fire locations were tested by removing the beam separations and allowing gases 

to flow up the ceiling slope unimpeded.  The side walls were left in place to restrict the flow of 

gases outside the corridor domain.  The thermocouples placed on the bottom of the beams were 
placed in the same location 2.5 cm (1 in) below the smooth ceiling surface.  A center fire test 

with the smooth ceiling is shown below in Figure 129. 
 

 

Figure 129. Center fire test with smooth ceilings and full side walls 

 
The time to reach the activation temperature is shown below in Table 19. 
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Table 19. Time to reach activation temperature for center fire test with 

smooth ceiling and full side walls 

 
* No test resulted in reaching activation temperature, thus the average maximum temperature reached is reported 

The results of these tests are very comparable to the center fire with the beams in place.  The 

results from TC-1 to TC-18 are almost indistinguishable from the beam conditions.  During the 
beam testing, there was a large increase in activation time from the third to the fourth beam beam 

which is also observed for the smooth ceiling.  Although the effect is not as sharp or drastic as 

for the beamed ceiling, the time to reach activation temperature again increases at this location 
by 1-2 minutes from the adjacent locations.  The final thermocouple location again was unable to 

reach the activation temperature and reached a very similar 66.9 °C maximum (66.6 °C for 
beamed ceilings). 

 

Smooth Ceiling, Side Fire w/ Side Walls 
 

The side wall fires were also conducted for the smooth ceiling configuration.  These results are 
shown below in Table 20. 

 

Table 20. Time to reach activation temperature for side fire test with 
smooth ceiling and full side walls 

 
 

These results are nearly indistinguishable from the beamed ceiling results shown in Table 17.  

The only difference appears to be that the variation for the smooth ceiling is slightly greater, 
although this difference only occurs for a couple of thermocouples (TC-21, TC-24) and may not 

be statistically significant.  It does not appear that the beams have a great effect upon the time to 
reach the activation temperature for side fire locations with the side walls present. 

 

  

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

55 (1.0) 48 (4.2) 40 (1.2) 42 (1.0) 50 (1.7) 55 (1.2) 62 (3.1) 111 (59.5) 164 (42.5)

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

47 (3.2) 36 (1.0) 33 (1.0) 36 (1.7) 45 (1.5) 52 (1.7) 69 (7.5) 81 (12.3) 198 (16.0)
66.9 °C Max 

*

TC-3 TC-8 TC-13 TC-18 TC-23

56 (7.5) 43 (1.7) 55 (6.1) 88 (13.9) 173 (9.6)

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

42 (7.2) 28 (2.9) 26 (2.6) 29 (3.2) 36 (4.9) 41 (3.8) 44 (4.2) 50 (5.9) 74 (16.5)

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

39 (5.1) 33 (3.8) 32 (4.6) 34 (4.6) 37 (4.9) 39 (4.7) 44 (5.7) 46 (5.1) 56 (5.5) 79 (9.2)

TC-3 TC-8 TC-13 TC-18 TC-23

56 (6.4) 44 (6.4) 48 (7.0) 52 (6.1) 57 (8.5)
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Smooth Ceiling, Corner Fire w/ Side Walls 
 
The fires were again moved into the back corner of the test corridor.  The results of these 

experiments are summarized in Table 21. 

Table 21. Time to reach activation temperature for corner fire test with 

smooth ceiling and full side walls 

 
* No test resulted in reaching activation temperature, thus the average maximum temperature reached is reported 

 
The results of these experiments are again similar to the corner fire with beams, but there are a 

few notable differences.  The most telling difference is that TC-3 does not reach the activation 
temperature during smooth ceiling tests while reaching activation in just 43 seconds when the 

beam is present.  This is probably due to the fact that the beam does not restrain the hot gases in 

a pocket, thus directing them to TC-3.  Instead, the gases are allowed to travel directly up the 
slope along the wall toward TC-4. 

 
The lack of restriction up the slope is also the cause for another difference between the beamed 

and smooth ceiling tests.  Several thermocouples along the fire side of the wall reach activation 

faster when the ceiling is smooth.  The time to reach activation for these thermocouples is 10-20 
seconds faster for the smooth ceiling than the beamed ceiling when the fire is located in the 

corner. 
 

Smooth Ceiling, Center Fire w/o Side Walls 
 
The final test scenario examined the time to reach activation temperature for the center fire 

location with no side walls present to restrict the flow of gases.  This test was only conducted 
with the smooth ceiling because beams would direct the flow outside of the corridor domain.  

The test setup is shown below in Figure 130.  It should be noted that the lower portion of the side 

walls near the fire was left in place to protect adjacent laboratory equipment.  The upper region 
of the walls was removed even in this region, however, so that the hot gas layer was not impeded 

from exiting the domain. 
 

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

20 (2.6) 23 (1.7) 28 (2.0) 31 (2.5) 35 (2.1) 36 (1.7) 38 (0.6) 40 (1.0) 45 (1.0)

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

31 (1.2) 30 (1.0) 32 (1.7) 34 (0.0) 38 (2.0) 39 (2.1) 43 (2.1) 45 (1.5) 63 (3.6) 99 (23.8)

TC-3 TC-8 TC-13 TC-18 TC-23

66.3 °C 

Max *
53 (3.0) 58 (1.0) 59 (1.5) 70 (11.9)
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Figure 130. Center fire test with smooth ceilings and no side walls 

 
The results of these tests are shown below in Table 22. 

 

Table 22. Time to reach activation temperature for center fire test with 

smooth ceiling and no side walls 

 
If the temperature never reached activation, the average maximum temperature is reported 

 
When the flow of gas is not restrained at the edges of the corridor, the time to reach activation is 

greatly increased at locations up the slope of the ceiling.  The time to reach activation is 
relatively unaffected for thermocouple located near the fire (TC-10 and below).  However, as the 

Time to Reach Activation Temperature (sec) , (Standard Deviation)

TC-1 TC-4 TC-6 TC-9 TC-11 TC-14 TC-16 TC-19 TC-21

51 (2.3) 43 (3.0) 38 (3.1) 44 (4.4) 56 (5.5) 243 (51.2) 63.7 °C Max 58.8 °C Max 52.9 °C Max

TC-2 TC-5 TC-7 TC-10 TC-12 TC-15 TC-17 TC-20 TC-22 TC-24

43 (2.6) 34 (2.0) 32 (0.6) 36 (0.6) 56 (7.8) 148 (34.6) 66.2 °C Max 60.5 °C Max 55.1 °C Max 48.6 °C Max

TC-3 TC-8 TC-13 TC-18 TC-23

63 (10.1) 58 (4.0) 106 (29.6) 61.1 °C Max 51.5 °C Max
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hot gases are allowed to dissipate, the time to activation increases until it is no longer reached at 

TC-16 in beam bay 4.  The maximum temperature reached up the slope is also greatly reduced 
from 66.9 °C with the side walls and smooth ceilings to 48.6 °C when the sides are removed. 

 
B.1.8 Test Conclusions 

Several major conclusions can be drawn from analysis of the fire test data on sloped ceilings.  

These involve the differences made by the fire location, the presence of beams, and the addition 
of side walls. 

 
The fire location had a great effect upon the time to reach sprinkler activation temperatures.  The 

entrained fire scenarios at the side wall location and in the corner location caused the flame 

height to increase over the center fire condition and resulted in faster rises in temperature at the 
upslope locations.  There was no major difference between the side and corner fires, however.  

When the fire was burned in the center, thermocouple locations above a height of 4.2 m (14 ft) 
took a significantly longer time to reach the activation temperature or did not reach the 

temperature at all. 

 
The presence of beams did not have a significant effect upon any fire scenario except the small 

effect noted for the corner fires.  The thermocouples located below the beams did not have 
notably different activation times from those located within the beam pockets.  The beams may 

have slightly helped distribute the gas temperatures within the beam pockets, as noted for TC-3 

failing to reach activation during smooth ceiling tests.   
 

The removal of the side walls greatly increased the time to reach activation temperature for 
ceiling heights greater than 4.0 m (13.5 ft).  The temperatures reached at the up slope locations 

were greatly reduced from the tests where the gases were restricted to stay within the corridor. 
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B.2 FDS Modeling of Tests 

 
B.2.1 Model Description 

Scenarios Modeled 
 

All tests were performed with a ceiling slope of 15°, and with either perpendicular beams or no 

beams/smooth ceiling configuration. The fire was placed in three different locations; in the 
corner, along the wall between the first and second beams or in the center of the corridor 

between the first and second beams. One test was also performed with the fire in the center of the 
room with the side walls removed. This yields seven different scenarios which are summarized 

in Table 23. 

 

Table 23. FDS simulation scenarios 

 

Run 

Fire 

Location Heat Release Rate Scenario 

1 Corner 300 kW Beams 

2 Corner 300 kW Smooth 

3 Wall 300 kW Beams 

4 Wall 300 kW Smooth 

5 Center 300 kW Beams 

6 Center 300 kW Smooth 

7 Center 300 kW Smooth - No Walls 

 

Corridor 
 

The corridor in FDS was 11.9 m (39 ft) long and 3.6 m (11.8 ft) wide. The ceiling height varied 
from 2.5 m (8.2 ft) by the fire, to 5.6 m (18.4 ft) at the open end. The corridor had six beams 

placed perpendicular to the length of the corridor. The beams extended 0.3 m (1 ft) directly down 
from the ceiling and were placed every 1.7 m (5.6 ft). The beams extended perpendicular down 

from the ceiling, resulting in the beam axis being 15° off from the z-axis. 

 
The rectilinear grid used to describe the computational domain in FDS means that curved or 

diagonal surfaces are not possible in FDS. Therefore the sloped ceiling and beams must be 
specified using several small stair steps that approximate the actual shape of the surface. This can 

cause incorrect flow patterns in FDS as the flow will see the obstructions as several corners were 

vortices can develop and disturb the velocity. To reduce this error the stepped obstructions in 
FDS can be approximated as one smooth surface by setting ‘SAWTOOTH’ to false. This was 

used for the ceiling in the corridor and for the beams, except for the tip of the beam, where there 
should be corners for vortices to occur.  
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The Fire  
 
A 300 kW fire was used in all the tests. The fire source was a propane gas sand burner measuring 

18” x 45” (46 cm x 114 cm). The propane gas was specified in FDS as C3H8, with a soot yield of 
0.01 g/g. The flow rate of the propane in the test was used to specify the growth rate of the fire. 

This resulted in a heat release rate growth curve as shown in Figure 131. All the simulations 

were run for 300 s after the burner was ignited.  
 

 

Figure 131. Heat release rate growth phase  

Surfaces and Material Properties 
 

The ceiling and beams were given properties of gypsum wallboard, as was used in the tests. The 

density was set to 800 kg/m
3 

and the thermal conductivity 0.17 W/m-K [16]. The specific heat 
was set to 1.1 kJ/kg-K [17]. The floor and back and side walls were set to ‘INERT’. The end of 

the corridor away from the fire was given the ‘OPEN’ boundary condition.  
 

Computational Grid  
 
The computational grid consisted of meshes with 5 cm (2 in) or 10 cm (4 in) cells. The finer 

mesh was placed around the fire source and under the ceiling to ensure resolution of the plume 
and the flow under the ceiling and around the beams. The coarser 10 cm mesh was used from the 

fine mesh down to the floor and in areas away from the fire source. The mesh layout for the 

center fire configuration is shown in Figure 132. 
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Figure 132. Mesh configuration with 5 cm cells around the fire and under the ceiling. 10 cm cells 
elsewhere.  

To reduce the size of the computational domain the coarse mesh was not extended all the way to 
the level of the fire as the ceiling height increased. It was assumed that the flow under the ceiling 

of interest in this study would not be significantly affected by air movement at the floor. Open 
boundary conditions were used for the floor in these areas, as can be seen in Figure 132. 

 

Correlating simulations with other experiments have shown that the ratio of the characteristic 
diameter, D

*
 to the cell size should be between 5 and 10 to properly resolve the flow [14]. The 

characteristic diameter is given as:  
 

�� � � ��
��	
∞��

2

5

 

 

Where Q&  is the heat release rate of the fire in kW. Higher values of D
*
/ δx means that a larger 

part of the fire dynamics is solved directly instead of through the sub grid model. Using 5cm 

(2 in) cells and a 300 kW fire gives a D
*
/ δx = 11.9, indicating that the grid resolution is 

adequate.  
 

A more general requirement for achieving a well-resolved domain for the turbulence modeling is 
that the grid cells must be fine enough to properly resolve important length scales in the problem. 

Generally it is recommended that important objects such as vents, fire sources and the fire plume 

are resolved by at least 10 grid cells [15]. In this case the short side of the burner is resolved by 
eight cells, and with all other objects being larger, this criterion also indicate that the grid 

resolution is adequate.  
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Measurements 
 

To make direct comparison possible the same measurement locations used in the tests were also 
used in FDS. Three thermocouples were placed in the beam bays, midway between each of the 

beams. One was placed close to each wall and one in the middle of the corridor. The same 

configuration was used for the thermocouples placed on each beam. In the there were only two 
thermocouples on each beam, one in the middle and one close to the wall where the corner and 

wall fire was placed. In addition the FDS model was set to give animated slices of the gas 
temperature and velocity through the corridor, as well as measure the mass flux.  

 

The measurement locations used in the test are shown in Figure 125. 
 

B.2.2 Modeling Results 

Selected Time – Temperature Plots 
 

Time-temperature plots are shown for the center fire configuration. Four thermocouples are 
shown for two locations; close to the fire on beam 2 and in beam bay 3, and further away from 

the fire on beam 4 and in beam bay 5. Refer to the measurement layout in Figure 125. 
 

Center Fire with Beams 
 
The temperatures measured in the test and in FDS by the two thermocouples on beam 2 are 

shown in Figure 133 and Figure 134. The thermocouples were placed along the left wall (L) 
when looking out of the corridor, and in the center (C).  

 

 

Figure 133. Temperature measured in the test and in FDS by the thermocouple along the left wall 

on beam 2. Center fire with beams 
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Figure 134. Temperature measured in the test and in FDS by the thermocouple in the center of 

beam 2. Center fire with beams 

 

The temperatures recorded in the same locations in beam bay 3 are shown in Figure 135 and 

Figure 136.  
 

 

Figure 135. Temperature measured in the test and in FDS by the thermocouple along the left wall 

in beam bay 3. Center fire with beams 

 

0

20

40

60

80

100

120

140

0 50 100 150 200 250 300

T
e

m
p

e
ra

tu
re

 (
C

)

Time (s)

Beam 2-C

Test

FDS

0

20

40

60

80

100

120

0 50 100 150 200 250 300

T
e

m
p

e
ra

tu
re

 (
C

)

Time (s)

Beam Bay 3-L

Test

FDS



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

133 

 

Figure 136. Temperature measured in the test and in FDS by the thermocouple in the center of 

beam bay 3. Center fire with beams 

Temperatures measured further away from the fire on beam number 4 and in beam bay 5 are 

shown below in Figure 137 through Figure 140. 

 

 

Figure 137. Temperature measured in the test and in FDS by the thermocouple along the left wall 

on beam 4. Center fire with beams 
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Figure 138. Temperature measured in the test and in FDS by the thermocouple in the center on 

beam 4. Center fire with beams 

 

 

Figure 139. Temperature measured in the test and in FDS by the thermocouple along the left wall 

in beam bay 5. Center fire with beams 
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Figure 140. Temperature measured in the test and in FDS by the thermocouple in the center of 

beam bay 5. Center fire with beams 

 

Center Fire without Beams 
 

The temperature measured in the test and in FDS in the same locations as above for the test with 

center fire without beams is shown below. The same nomenclature is used where “beam” means 
the position where the beams was placed in the previous test, and the thermocouple is placed on 

the flat ceiling.  
 

The temperatures in four positions close to the fire are show in Figure 141 through Figure 144 

 

Figure 141. Temperature measured in the test and in FDS by the thermocouple along the left wall 
in beam location 2. Center fire without beams 
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Figure 142. Temperature measured in the test and in FDS by the thermocouple in the center of 
beam location 2. Center fire without beams 

 

 

Figure 143. Temperature measured in the test and in FDS by the thermocouple along the left wall 

in beam bay 3. Center fire without beams 
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Figure 144. Temperature measured in the test and in FDS by the thermocouple in the center of 

beam bay 3. Center fire without beams 

 

Temperatures measured further away from the fire in beam location 4 and in beam bay 5 are 
shown below in Figure 145 through Figure 148.  

 

 

Figure 145. Temperature measured in the test and in FDS by the thermocouple along the left wall 
in beam location 4. Center fire without beams 
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Figure 146. Temperature measured in the test and in FDS by the thermocouple in the center of 

beam location 4. Center fire without beams 

 

 

Figure 147. Temperature measured in the test and in FDS by the thermocouple along the left wall 
in beam bay 5. Center fire without beams  

 

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250 300

T
e

m
p

e
ra

tu
re

 (
C

)

Time (s)

Beam 4-C

Test

FDS

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250 300

Te
m

p
e

ra
tu

re
 (

C
)

Time (s)

Beam Bay 5-L

Test

FDS



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

139 

 

Figure 148. Temperature measured in the test and in FDS by the thermocouple in the center of 

beam bay 5. Center fire without beams 

Steady State Temperatures Averaged over Each Beam and Beam Bay 
 
The temperature measurements during the steady state part of the test were averaged for each 

beam and beam bay for all seven of the tests and FDS simulations. The steady state was defined 

as from 75 s into the test until the end of the test. Both the FDS simulations and the test 
measurements showed a steady temperature after this time.   

 
The resulting temperatures are shown in Table 24 through Table 26. The difference, ∆, between 

FDS and the test results is also shown. The difference presented is taken as the FDS predicted 

temperature minus the test measurement temperature.  
  

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250 300

T
e

m
p

e
ra

tu
re

 (
C

)

Time (s)

Beam Bay 5-C

Test

FDS



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

140 

Table 24. Temperature Averaged Over Each Beam and Beam Bay for the Test with Center Fire 

in FDS and the Test 

 

  Center - Beams Center - Smooth 

Center - Smooth – No 

Walls 

  Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ 

Bay 1 93.3 83.5 -9.8 88.9 83.5 -5.5 85.5 69.8 -15.7 

Bay 2 102.4 107.9 5.5 96.2 107.9 11.7 92.5 98.9 6.4 

Bay 3 82.5 77.5 -5.0 82.9 77.5 -5.4 73.8 61.0 -12.8 

Bay 4 74.2 66.5 -7.7 72.8 66.5 -6.3 57.5 45.0 -12.5 

Bay 5 67.2 62.0 -5.3 67.2 62.0 -5.3 48.2 38.5 -9.7 

Bay 6 63.5 59.2 -4.3 62.1 59.2 -2.8 43.2 35.6 -7.6 

Beam 1 97.2 87.4 -9.8 

N/A 
Beam 2 76.0 93.1 17.1 

Beam 3 79.5 69.2 -10.3 

Beam 4 66.4 63.5 -2.8 

 

Table 25. Temperature Averaged Over Each Beam and Beam Bay for the Test with Corner Fire 

in FDS and the Test 

 

Corner - Beams 

Corner - Smooth (120s 

only) 

  Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ 

Bay 1 88.9 83.5 -5.5 171.9 208.7 36.8 

Bay 2 96.2 107.9 11.7 122.5 88.4 -34.1 

Bay 3 82.9 77.5 -5.4 98.5 72.2 -26.3 

Bay 4 72.8 66.5 -6.3 86.0 69.6 -16.4 

Bay 5 67.2 62.0 -5.3 77.2 64.9 -12.3 

Bay 6 62.1 59.2 -2.8 66.5 60.0 -6.5 

Beam 1 95.0 87.4 -7.6 

N/A 
Beam 2 93.7 93.1 -0.6 

Beam 3 78.1 69.2 -9.0 

Beam 4 69.8 63.5 -6.3 

 
  



Analysis of the Performance of Residential Sprinkler Systems July 19, 2010  

with Sloped or Sloped and Beamed Ceilings   

141 

Table 26. Temperature Averaged Over Each Beam and Beam Bay for the Test with the Fire 

Along the Wall in FDS and the Test 

Wall - Beams (2s only!) Wall - Smooth (25s only) 

  Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ 

Bay 1 167.6 60.0 -107.7 87.1 82.0 -5.1 

Bay 2 123.9 186.3 62.4 141.8 171.5 29.8 

Bay 3 98.6 93.1 -5.5 101.9 95.0 -6.9 

Bay 4 86.1 80.5 -5.6 82.0 70.4 -11.6 

Bay 5 77.2 70.7 -6.6 73.2 66.6 -6.6 

Bay 6 66.7 65.9 -0.7 67.7 65.6 -2.2 

Beam 1 176.2 66.9 -109.3 

N/A 
Beam 2 125.6 142.8 17.2 

Beam 3 100.0 90.3 -9.7 

Beam 4 86.0 81.3 -4.6 

 

Average Steady State Temperature in Selected Locations 
 
The average temperature during the steady state period of the test in the same locations shown in 

the graphs in Figure 133 through Figure 148 is shown in Table 27 through Table 12. 

 

 

Table 27. Average Steady State Temperature in Selected Locations for the Center Fire 
Configurations 

  Center - Beams Center - Smooth Center - Smooth - NoWalls 

  Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ 

Beam 2L 67.9 88.0 20.1 
N/A 

Beam 2C 83.9 98.4 14.4 

Bay 3L 81.9 78.1 -3.9 82.6 78.1 -4.6 74.5 57.1 -17.4 

Bay 3C 80.3 76.9 -3.5 85.1 76.9 -8.2 77.5 65.9 -11.6 

Beam 4L 67.1 64.4 -2.6 
N/A 

Beam 4C 65.5 63.1 -2.5 

Bay 5L 66.3 62.1 -4.3 67.3 62.1 -5.2 47.9 37.3 -10.5 

Bay 5C 65.9 61.8 -4.1 66.5 61.8 -4.6 49.7 40.0 -9.7 
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Table 28. Average Steady State Temperature in Selected Locations for the Corner Fire 

Configurations 

Corner - Beams (25 s only) 

Corner - Smooth (120s 

only) 

  Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ 

Beam 2L 78.1 88.0 9.9 
N/A 

Beam 2C 101.5 98.4 -3.1 

Bay 3L 85.3 78.1 -7.2 118.2 56.7 -61.6 

Bay 3C 91.9 76.9 -15.0 101.9 71.9 -30.0 

Beam 4L 74.9 64.4 -10.4 
N/A 

Beam 4C 77.0 63.1 -13.9 

Bay 5L 69.6 62.1 -7.5 87.9 59.4 -28.5 

Bay 5C 73.2 61.8 -11.4 73.0 67.2 -5.9 

 
 

 

Table 29. Average Steady State Temperature in Selected Locations for the Wall Fire 

Configurations 

Wall - Beams (2s only) Wall - Smooth (25s only) 

  Test  (C) FDS (C) Δ Test  (C) FDS (C) Δ 

Beam 2L 86.2 127.1 41.0 
 

Beam 2C 122.0 157.1 35.1 

Bay 3L 87.7 78.0 -9.7 113.2 92.3 -20.9 

Bay 3C 102.7 96.2 -6.4 109.9 100.0 -9.9 

Beam 4L 75.1 74.1 -1.0 
N/A 

Beam 4C 84.4 83.0 -1.4 

Bay 5L 71.9 68.9 -3.0 67.8 55.9 -11.9 

Bay 5C 79.5 73.3 -6.2 76.1 68.2 -7.9 

 
 

B.2.3 Modeling Discussion 

During the testing it was discovered that in some of the tests the ceiling had a slight slope in the 
direction perpendicular to the length of the corridor, which caused the smoke to rise to one side. 

This was especially apparent in the test without sidewalls, and can also be seen when graphs of 
the test data at different points are seen side by side. The data show that the corridor sloped both 

to the right and to the left in different tests. With the center fire configuration the results show 

that the ceiling in the tests appear to have been more even, yielding more uniform temperatures 
across the width of the corridor. 
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Beamed Ceiling 
 
As is clear in all the figures above, a more rapid increase in temperature after ignition in FDS 

resulted in a steady state temperature being reached earlier than was the case in the tests.  
 

When considering the average temperature during the steady state phase of the beamed ceiling 

tests the FDS model shows good agreement with the test results for measurements not directly 
above the fire. The FDS predictions for the temperature in the beam bays beyond the one directly 

above the fire were within 13 % of the test results, but showed larger differences in beam and 
bay number 1 and 2. The same was true for the measurements at the end of the beams, showing 

no more than a 13 % difference except at the beam above the fire. In all three configurations 

FDS predicted lower temperatures in all the beam bays, except bay number 2. It is unclear why 
temperature predictions were less accurate close to the fire, and in the different configurations 

FDS gives temperatures both higher and lower than in the test in this area. Possible explanations 
may be uncertainty associated with the thermocouple measurements and uneven gas flow to the 

burner.  

 
The most accurate FDS results were seen with the center fire configuration, where the average 

steady state temperatures were within 11°C of that measured in the test, less than a 12 % 
difference. The only exception was at beam number 2, where FDS was on average 17 °C higher. 

The temperature measured in the test on the left side of beam 2 appears unusual as seen in Figure 

2-1. The test measurement never show above 80 °C despite being closest to the fire, while 
temperatures on beams 1 and 3 show temperatures above 80 °C and some exceeding 100 °C. The 

only beam showing a lower average temperature than beam 2 is beam 4.  
 

The data indicate that in FDS there are less hot gases moving back into the corridor than was the 

case in the tests, giving lower temperatures measurements at the points between the fire and the 
back wall in FDS than in the tests. 

 

Smooth Ceiling 
 

With the center fire configuration, where a full 10 min comparison could be made, the average 
temperatures for the steady state regime from the FDS simulation were within 12 % of those 

recoded in the test. The largest difference in average steady state temperature was under 12 °C, 
both for single thermocouple measurements and values averaged over each beam or beam bay.  

 

The other configurations with the fire placed in the corner and along the wall showed a larger 
difference between the temperatures in FDS and the tests, over a 50 % difference in some cases. 

These configurations showed larger differences between FDS and the tests with the smooth 
ceiling than was seen for the test with the beams in place. At all measurement points in all 

configurations FDS gave a lower temperature than the tests, the only exception being the second 

beam bay when the fire was in that location.  
 

In the cases without beams the ceiling jet in FDS would move the bulk of the hot cases to the 
side of the corridor opposite the fire, causing higher temperatures on that side. This is shown in 

the Plot3D of temperature across the corridor in Figure 149. The fire is placed on the left side of 
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the figure, while the hot gases collect on the right. When the beams were in place this effect was 

still apparent, but reduced as the smoke collected before the beams and the temperature became 
more homogenous across the corridor.  

 
 

 

Figure 149. View from the fire out of the corridor. Ceiling jet causes the majority of the hot 
gases to move to the right side, opposite the fire 

This effect combined with the perpendicular slope of the corridor will account for the majority of 
the measured differences between the model and the tests seen for the sidewall and corner 

configurations. With the fire in the center of the corridor the distribution of hot gases across the 

corridor in FDS is more even. The differences between the temperatures measured on the left and 
right side in the tests are also smaller with the fire in the center configuration. Due to the center 

fire tests being run longer the smoke layer may have developed a more even distribution in both 
FDS and the tests, minimizing the effect of the perpendicular slope in the test and resulting in 

more accurate prediction of the average temperatures.  

 
B.2.4 Modeling Conclusions 

In several of the tests the corridor showed signs of having an unintended slope in the direction 
perpendicular to its length, resulting in higher temperatures being measured on one side. To a 

lesser degree the ceiling jet effects in the FDS model caused the hot gases to move to the 

opposite side of the corridor from the fire when the burner was placed along one wall, possibly 
amplifying the error caused by the uneven corridor in the tests.  

 
These two factors caused uneven temperature measurements and explain the large differences 

between the test data and the FDS simulations seen at several points in the four scenarios where 
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the fire was placed along one wall. Safety concerns also limited the length of the tests to only a 

few minutes after steady state was reached. A longer test may lead to a thicker smoke layer 
which results in a more even distribution of hot gases. The gas collecting before the beams gave 

a more homogenous temperature across the width of the corridor and resulted in overall more 
accurate FDS predictions for the beamed tests compared to the smooth ceiling tests.  

 

Moving the fire to the center of the corridor caused a symmetrical spread of hot gases under the 
ceiling in FDS. With the fire in this position there was less risk of damage to the structure and 

the test could be run for a full 200 s after steady state was reached. This resulted in more even 
temperatures across the corridor in the test both with and without beams in place, and also gave a 

longer distinct steady state regime. With all configurations the initial temperature increase to the 

steady state value occurred quicker in FDS than in the tests. 
 

With the fire located in the center of the corridor the FDS simulation gave average steady state 
temperature results within 12 °C of that measured in the tests except for the beam directly above 

the fire, both in the scenario with and without beams. This is less than a 13 % difference from the 

test measurements. 



Section 5 Tentative Interim Amendments. 
5.1 Preliminary Determination of Compliance. A 
Tentative Interim Amendment (TIA) to any Document may 
be processed if the Council Secretary determines, after a 
preliminary review, and consultation with the appropriate 
Chair, that the Amendment appears to be of an emergency 
nature requiring prompt action and has the endorsement of 
at least two Members of the involved TC or TCC. If 
processed, the question of emergency nature shall be 
considered by the TC and TCC. The text of a proposed 
Tentative Interim Amendment may be processed as 
submitted or may be changed, but only with the approval of 
the submitter. 
5.2 Evaluation of Emergency Nature. Determination of 
an emergency nature shall include but not be limited to one 
or more of the following factors: 

(a) The document contains an error or an omission that 
was overlooked during a regular revision process. 

(b) The document contains a conflict within the 
document or with another NFPA document. 

(c) The proposed TIA intends to correct a previously 
unknown existing hazard. 

(d) The proposed TIA intends to offer to the public a 
benefit that would lessen a recognized (known) hazard or 
ameliorate a continuing dangerous condition or situation. 

(e) The proposed TIA intends to accomplish a 
recognition of an advance in the art of safeguarding 
property or life where an alternative method is not in 
current use or is unavailable to the public. 

(f ) The proposed TIA intends to correct a circumstance 
in which the revised document has resulted in an adverse 
impact on a product or method that was inadvertently 
overlooked in the total revision process, or was without 
adequate technical (safety) justification for the action. 
5.3 Publication of Proposed Tentative Interim 
Amendment. A proposed Tentative Interim Amendment 
that meets the provisions of 5.1 shall be published by the 
Association in appropriate media with a notice that the 
proposed Tentative Interim Amendment has been 
forwarded to the responsible TC and TCC for processing 
and that anyone interested may comment on the proposed 
Tentative Interim Amendment within the time period 
established and published. 
5.4 Technical Committee and Technical Correlating 
Committee Action. 

(a) The proposed Tentative Interim Amendment shall be 
submitted for ballot and comment of the TC in accordance 
with 3.3.4. The TC shall be separately balloted on both the 
technical merits of the amendment and whether the 
amendment involves an issue of an emergency nature. Such 
balloting shall be completed concurrently with the public 
review period. Any public comments inconsistent with the 
vote of any TC Member shall be circulated to the TC to 
allow votes to be changed. A recommendation for approval 
shall be established if three-fourths of the voting Members 
calculated in accordance with 3.3.4.5 have voted in favor of 
the Tentative Interim Amendment. 

(b) The proposed Tentative Interim Amendment shall be 
submitted for ballot and comment of the TCC, if any, 
which shall make a recommendation to the Council with 
respect to the disposition of the Tentative Interim 
Amendment. The TCC shall be separately balloted on both 
the merits of the amendment (as it relates to the TCC 

authority and responsibilities in accordance with 3.4.2 and 
3.4.3) and whether the amendment involves an issue of an 
emergency nature. Any public comments inconsistent with 
the vote of any TC or TCC Member shall be circulated to 
the 28 TCC to allow votes to be changed. A 
recommendation for approval shall be established if three-
fourths of the voting Members calculated in accordance 
with 3.3.4.5 have voted in favor of the Tentative Interim 
Amendment. 

(c) All public comments, ballots, and comments on ballot 
on the proposed Tentative Interim Amendment shall be 
summarized in a staff report and forwarded to the Council 
for action in accordance with 5.5. 
5.5 Action of the Council. The Council shall review the 
material submitted in accordance with 5.4(c), together with 
the record on any Appeals (see 1.6, 1.6.1), and shall take 
one of the following actions: 

(a) Issue the proposed Tentative Interim Amendment 
(b) Issue the proposed Tentative Interim Amendment as 

amended by the Council 
(c) Where acted on concurrently with the issuance of a 

new edition of the Document to which it relates, issue the 
Tentative Interim Amendment as part of the new edition; 

(d) Reject the proposed Tentative Interim Amendment 
(e) Return the proposed Tentative Interim Amendment to 

the TC with appropriate instruction 
(f ) Direct a different action 

5.6 Effective Date of Amendment. Tentative Interim 
Amendments shall become effective 20 days after Council 
issuance unless the President determines, within his or her 
discretion, that the effective date shall be delayed pending 
the consideration of a Petition to the Board of Directors 
(see 1.7). The President may also, within his or her 
discretion, refer the matter of a delay in the effective date 
of the TIA to the Executive Committee of the Board of 
Directors or to the Board of Directors. 
5.7 Publication of Amendment. The Association shall 
publish in one of its publications sent or accessible to all 
Members notice of the issuance of each Tentative Interim 
Amendment and may, as appropriate, issue a news release 
to applicable and interested technical journals. The notice 
and any news release shall indicate the tentative character 
of the Tentative Interim Amendment. In any subsequent 
distribution of the Document to which the Tentative Interim 
Amendment applies, the text of the Tentative Interim 
Amendment shall be included in a manner judged most 
feasible to accomplish the desired objectives. 
5.8 Applicability. Tentative Interim Amendments shall 
apply to the document existing at the time of issuance. 
Tentative Interim Amendments issued after the proposal 
closing date shall also apply, where the text of the existing 
document remains unchanged, to the next edition of the 
Document. Tentative Interim Amendments issued 
concurrently with the issuance of a new edition shall apply 
to both the existing and new edition. 
5.9 Subsequent Processing. TC responsible for the 
Document or part of the Document affected shall process 
the subject matter of any Tentative Interim Amendment as 
a proposal for the next edition of the Document (see 3.3). 
5.10 Exception. When the Council authorizes other 
procedures for the processing and/or issuance of Tentative 
Interim Amendments, the provisions of this Section shall 
not apply. 
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Subject: FW: TIA on NFPA 13D

 

From: Pete Schwab [mailto:PeteS@waynefire.com]  
Sent: Thursday, May 19, 2011 9:41 AM 
To: Klaus, Matthew; 'tvictor@simplexgrinnell.com' 
Cc: 'James.Golinveaux@tycofp.com' 
Subject: Re: TIA on NFPA 13D 
 

Matt  
I am in agreement. 
Pete  

From: Klaus, Matthew <MKlaus@nfpa.org>  
To: Terry Victor (tvictor@simplexgrinnell.com) <tvictor@simplexgrinnell.com>; Pete Schwab  
Cc: James Golinveaux <James.Golinveaux@tycofp.com>  
Sent: Thu May 19 09:27:12 2011 
Subject: TIA on NFPA 13D  
Terry and Pete‐ 
 
James found an error in the TIA that he submitted and you endorsed for NFPA 13D. Attached is a revised version of the 
TIA in which sections 8.1.3.1.3.1 and 8.1.3.1.3.2 are not struck out proposed to be deleted. Also, Section 8.1.3.2 has 
been removed from the TIA, so there is no proposed action on that section either. 
 
If you support these modifications to the TIA as shown in the attached document, please respond to this email in the 
affirmative. If you do not support these modifications please reply as to why. 
 
If there is agreement that these revisions are appropriate, we will issue a revised ballot and allow the TC to revise their 
vote. 
 
If you have any questions, please do not hesitate to contact me. 
 
Regards, 
 
Matt Klaus 
Senior Fire Protection Engineer 
NFPA 
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Subject: FW: TIA on NFPA 13D

 
Matt, 
 
Affirmative. 
I agree with the modifications. 
Thanks. 

Terry Victor  
National Manager - Sprinkler Business Processes  

443-896-1053 office 
443‐286‐4038 mobile 
tvictor@simplexgrinnell.com  
 

From: Klaus, Matthew [mailto:MKlaus@nfpa.org]  
Sent: Thursday, May 19, 2011 9:27 AM 
To: Victor, Terry; Peter Schwab (pschwab@waynefire.com) 
Cc: Golinveaux, James 
Subject: TIA on NFPA 13D 
 
Terry and Pete‐ 
 
James found an error in the TIA that he submitted and you endorsed for NFPA 13D. Attached is a revised version 
of the TIA in which sections 8.1.3.1.3.1 and 8.1.3.1.3.2 are not struck out proposed to be deleted. Also, Section 
8.1.3.2 has been removed from the TIA, so there is no proposed action on that section either. 
 
If you support these modifications to the TIA as shown in the attached document, please respond to this email in 
the affirmative. If you do not support these modifications please reply as to why. 
 
If there is agreement that these revisions are appropriate, we will issue a revised ballot and allow the TC to 
revise their vote. 
 
If you have any questions, please do not hesitate to contact me. 
 
Regards, 
 
Matt Klaus 
Senior Fire Protection Engineer 
NFPA 
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