
Numerical simulation of fire spread on 
polyurethane foam slabs

Kuldeep Prasad, Nathan Marsh, Marc Nyden, 
Tom Ohlemiller and Mauro Zammarano

Fire Research Division
BFRL, NIST

Annual Fire Conference, 2009 

Session 3: The Material World
How will we deal with real stuff that burns?

Modeling Foam



ObjectiveObjective
• To develop, test and validate models for fire growth and 
spread for real world fuels, burning in simple geometries.

•• Provide a methodology for obtaining material property Provide a methodology for obtaining material property 
input parameters.input parameters.

• Model flame spread on polyurethane foam slabs.



isocyanate (33%) polyol (66%)

catalysts, blowing agents, 
surfactants, flame retardants (1%)

Foam formulation affects physical properties 
and fire behavior

Polyurethane foam (PU)Polyurethane foam (PU)

Foam used in current study was similar to GM21.
• Perform a series of small scale experiments on foam to 
obtain material property data for use in FDS simulations.

“Material Bank Compendium of Fire Property Data”
Product Research Committee, 1980
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Reaction 1 1.686E8 135000 1.00

Reaction 2 8.746E9 175000 1.16

Material Property Estimation - Small Scale Experimen ts : 
Thermogravimetric (TG) apparatus

Heating rate 5 C/min Heating rate 10 C/min

Rheometer tests – physical structure
� collapse of foam is related to first weight loss peak.
� 1st peak related to melting.
� Analysis by Ravey and Pearce.

� stability : biuret ~ allophanate < urethane < urea
� First peak : release of TDI
� Second peak : decomposition of polyol



Pyrolysis combustion flow 
calorimeter (PCFC) test

Differential scanning calorimeter 
(DSC) test.  (SDT test)

Material Property Estimation - Small Scale Experimen ts :

Integrate under the 
curve to obtain heat of 
combustion (total heat 
of combustion or for 
each step).

Obtain heat capacity (T).

Obtain heat of reaction 
for each step



Radiative and 
Convective 
flux

PU Foam
4” thick

Fuel Gases
Mass Flux =Heat Release Rate / Heat of Combustion

Heat of vaporizationHeating of the foam
Conductive Loss.

Heat of Combustion

Products

Modeling Approach #1. Modeling Approach #1. 
Control burning rate Control burning rate –– Specify Heat Release RateSpecify Heat Release Rate

• Heat release rate history identical to cone calorimeter test.
• Used commonly by fire protection engineers.
• Advantage : No solid decomposition parameters.

• Specify ignition temperatures
• Computed burning rates independent of external flux.
• Cone tests – Mass flux varies with external flux.



Radiative and 
Convective 
flux

PU Foam
4” thick

Gypsum board (inert)
1” thick

Fuel Gases

Heat of Reaction (Specify parameters for solid 
Phase reaction)

Heating of the foam
Conductive Loss.

Heat of Combustion

Products

Modeling Approach #2.Modeling Approach #2.
Predict burning rate Predict burning rate –– Single step reactionSingle step reaction

• Predictive approach : Mass flux is computed.
• Single solid phase decomposition reaction.
• Advantage : Few solid decomposition parameters.
• Cannot predict the two step process observed in the TG data.
• Inability to predict collapse / melt process.



Radiative and 
Convective 
flux

PU Foam
4” thick

Gypsum board (inert)
1” thick

Fuel Gases

Heat of Reaction (Specify parameters for solid 
Phase reaction)Heating of the foam

Conductive Loss.

Heat of Combustion

Products

Poly ol

Modeling Approach #3

Predict burning rate - Two step reaction

First step : Release of TDI
Second step : Decomposition of polyol.
FDS : one dimensional model
Large density differences.
Multi-phase behavior.



Radiative and 
Convective 
flux

PU Foam
(1/3)*4” thick

Gypsum board (inert)
1” thick

Fuel Gases

Heat of Reaction 
(Specify parameters for solid phase reaction)Heating of the foam

Conductive Loss.

Heat of Combustion

Products

Poly ol
(2/3)*4”*density ratio

Modeling Approach #4.

Predict burning rate - Two layer model

Use of TG data
1/3 of the foam decomposes and releases TDI (top layer)
2/3 of the foam forms liquid polyol (middle layer)
Accounts for the large density differences.
Results compare with experimental observations



Comparison with model predictionsComparison with model predictions

Pyrolysis Model #2 Pyrolysis Model #3 Pyrolysis Model #4

Material Property Estimation - Small Scale Experimen ts : 
Cone Calorimetry tests



Property values for foam and polyol used in Property values for foam and polyol used in 
the flame spread simulationsthe flame spread simulations

Property Polyurethane Foam Polyol

Value Source Value Source

Density 23 kg/m3 Flame spread 
experiment

1012 kg/m3 Literature

Heat Capacity 1 kJ/kg/K Literature 2 kJ/kg/K Literature

Thermal Conductivity 0.05 W/m/K Literature 0.15 W/m/K Literature

Heat of Reaction 347 kJ/kg DSC 361 kJ/kg DSC

Heat of Combustion (per 
kg of virgin material)

9600 kJ/kg Micro-
calorimeter

17500 kJ/kg Micro-
calorimeter

Thickness 3.4 cm TGA 0.16 cm TGA

Absorption Coefficient 50000 1/m Default 50000 1/m Default

Emissivity 0.9 Default 0.9 Default



• 1-D calculations
• nitrogen
• inexpensive

• 2-D vs. 3-D simulations.
• low resolution  (20 mm)
• high resolution (1 mm)

• Effect of model input parameters.
• Density
• Heat of Reaction
• Absorption Coefficient
• Thermal Conductivity

• Sensitivity to grid resolution.
• Effect of boundary conditions.
• Sensitivity to ignition source.

Overview of numerical simulations



Comparison of visual observations ..Comparison of visual observations ..

.. and numerical simulations.. and numerical simulations





Heat Release Rate vs. timeHeat Release Rate vs. time
Comparison of experimental data with numerical predictions.



Conclusions and Future WorkConclusions and Future Work

� Flame spread on polyurethane foam slabs is a complex 
phenomena (phase change, shape change, charring, bubbling 
etc.)
� Effect of foam slab thickness, face cloth, orientation
� Radial flame spread, flame retardants, furniture.

� Conduct cone tests in nitrogen / air
� Measure regression rate.
� Compare with FDS simulations.
� Data reduction using GA’s - GPYRO

� Conduct tests on polyol (TGA, Cone, DSC).
� Extract polyol from foam decomposition.
� Polyol + char.

� Thermal properties of foam, polyol  + char
� Optical properties of foam and polyol + char


