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In this work, experimental measurements of flame heat flux and sample mass loss rate are obtained 

as a diffusion flame spreads vertically upward (in the direction opposed to the vector of gravity) over 

the surface of seven commonly used polymeric materials, two of which are glass reinforced compos- 

ites. Using these measurements, a previously developed empirical flame model specific to poly(methyl 

methacrylate) is generalized such that it can predict (flame to material surface) heat feedback from 3 to 

20 cm tall flames supported by a wide range of materials. Model generalization is accomplished through 

scaling on the basis of a material’s gaseous pyrolyzate heat of combustion, which can be measured us- 

ing mg-sized material samples in a microscale combustion calorimeter. For all seven materials tested in 

this work, which represent diverse chemical compositions and burning behaviors including polymer melt 

flow, sample burnout, and heavy soot and solid residue formation, model-predicted flame heat flux (to 

a water-cooled heat flux gauge) is shown to match experimental measurements taken across the full 

length of the flame with an average absolute error of 3.8 kW m 

−2 (approximately 10–15% of peak mea- 

sured flame heat flux). Coupled with a numerical pyrolysis solver, this generalized wall flame model pro- 

vides the framework to quantitatively study material propensity to ignite and support early fire growth 

in a range of common scenarios with a level of accuracy and reduced computational cost unmatched by 

other currently available modeling tools. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Understanding the dynamics of fire inception and growth on or-

ganic solids is highly important for engineering fire safety in the

built environment. Among organic solids, synthetic polymers and

polymer based composites are used increasingly due to their low

weight, highly customizable properties, low cost, and energy effi-

ciency [1] . At the same time, it is also understood that these mate-

rials can present a greater fire safety hazard than traditional build-

ing materials [2] . Thus, understanding their resistance and reaction

to fire is crucial. A variety of standard test methods have been de-

veloped by organizations such as ASTM International [3,4] and UL

[5,6] to assess material flammability in terms of ignitability, heat

release and surface flame spread. Although these bench scale tests

are widely used, they typically provide observations of material re-

sponse to a specific set of conditions. Consequently, conflicting as-

sessments often arise from different tests [7] and they show lim-

ited ability to predict material performance in other fire scenarios
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8] . A more rigorous approach to assessing material flammability,

hich would allow for the proactive design of new, safer materi-

ls, is to characterize the controlling mechanisms of a fire behav-

or of interest and develop models that accurately describe these

onstituent processes. In this manner, the behavior of a material

n response to a wide range of likely fire conditions can be better

nderstood and predicted. 

Upward, concurrent-flow flame spread over the surface of a ma-

erial has long been recognized in the fire safety field as a highly

mportant process because it is a key determinant of the initial

ate of fire growth [9] . It has been well established [10,11] that

urface flame spread is governed by positive feedback between

ransient processes of solid phase degradation (pyrolysis) and gas

hase combustion. As a solid is heated, it degrades and produces

aseous pyrolyzates that can react with the ambient oxidizer to

orm a diffusion flame. Some of the heat produced by this flame is

ransferred back into the solid thus allowing for continued degra-

ation and production of flammable pyrolyzates. Upward spread-

ng flames may grow rapidly because hot combustion products,

riven upward by buoyancy, heat up a part of the solid that is not

et degrading, which causes continuous expansion of the pyrolysis

egion. 
. 
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Early flame spread models (e.g. Grant and Drysdale [7] or Saito

t al. [12] ) attempted to provide an analytical solution for flame

pread rate by relying on a number of coarse assumptions includ-

ng constant flame height, a single value of flame to surface heat

ux (to describe the entire flame heat feedback profile), and sim-

lified treatments of decomposition and heat transfer in the solid

hase. Despite these simplifications, these early models formed

 solid foundation for later works that have incorporated more

etailed descriptions of the constituent processes [13] . Develop-

ent of generalized numerical pyrolysis models [14–16] , which

nclude submodels for chemical reactions, phase transitions, and

ransient heat transfer through the condensed phase characterized

y temperature- and composition-resolved thermophysical proper-

ies, has opened new opportunities for further flame spread model

evelopment. 

These opportunities were explored in our recent study

17] where a generalized numerical pyrolysis model, ThermaKin2D,

as coupled with an empirical model of a flame spreading upward

n 17.5 cm tall samples of poly(methyl methacrylate) (PMMA). The

ame model was based on highly spatially resolved measurements

f flame heat flux to the sample’s surface and was formulated to

ompute the flame’s heat feedback profile solely as a function of

he width-normalized mass loss rate, which was calculated by the

yrolysis model. This unified model was shown to accurately pre-

ict flame spread dynamics and mass loss evolution of 4.0 and

7.5 cm tall PMMA samples, while using a small fraction of com-

utational resources required for a computational-fluid-dynamics-

ased simulation of the same system [18] . 

A key limitation of this flame model was that it could only

e applied to PMMA. In the current study, that limitation is re-

oved. Spatially resolved measurements of flame heat flux and

ass loss rate were obtained during upward flame spread over

he surface of vertically oriented solid samples, which were up

o 20 cm in height. Seven polymeric solids representing a wide

ange of chemical compositions and burning behaviors, including

elt flow, sample burnout and heavy soot and solid residue for-

ation, were utilized in these experiments. Heats of combustion of

aseous pyrolyzates produced by these materials were also mea-

ured. Several model parameter scaling approaches based on the

stablished theory of flame structure were examined. The approach

hat provides the best agreement between experimental measure-

ents and model predictions was identified. 

. Flame model formulation and scaling 

Knowledge of heat transfer across the length of a flame into a

urning material’s surface is required to predict the rates of up-

ard flame spread over that material [19] . Thus, in fire science,

ame height is considered to be a critical parameter describing

ame structure. Flame height has been defined in the literature in

ultiple ways: e.g. based on visual determination of the flame tip

12] or the average location of the visible flame [20] , as the posi-

ion corresponding to a critical fuel concentration [21] , or based on

 threshold value of wall heat flux [17] . Previous analysis of PMMA

all flames [22] revealed that wall heat flux at the flame tip is

bout 20% of the value in the continuous region. Thus, the loca-

ion of luminous flame tips is not the ideal characteristic length

cale for flame heat transfer. Consequently, in our previously de-

eloped PMMA flame model [17] , we defined a “heat flux flame

eight”, y f , as the distance from the base of the flame to the high-

st point where measured wall flame heat flux is within 97.5%

f its steady state value, q ′′ 
steady 

. q ′′ 
steady 

can be measured under

he continuous region of the flame and it is, on average, within

 kW m 

−2 of the maximum heat flux observed at that same loca-

ion. Previously, y f was related to width-normalized mass loss rate,
dm 

′ 
dt 

; however, a multitude of experimental and theoretical observa-

ions [12,20,21,23,24] indicate that, for both laminar and turbulent

uoyancy driven diffusion flames, including wall fires, flame height

s a function of heat release rate. Therefore, it is expected that the

elationship for this heat flux flame height scales with the ratio of

he heats of combustion: 

 f = a 

(
�H 

MAT L 
c 

�H 

PM M A EXT 
c 

dm 

′ 
dt 

)p 

+ b (1) 

Here, �H 

MAT L 
c represents the heat of combustion of the gaseous

yrolyzates of the material which is being modeled; �H 

PM M A 
EXT 

c 

epresents the heat of combustion of the pyrolyzates of extruded

MMA, the material for which this flame model was originally de-

eloped; and a, p , and b are empirically derived constants. In this

xpression, mass loss rate is divided by �H 

PM M A 
EXT 

c because the

onstant a already implicitly includes this value and it is multi-

lied by �H 

MAT L 
c to be converted to heat release. 

Net flame heat flux, q ′′ 
f lame 

, is expressed in our flame model in

erms of y f and several additional parameters: 

 

′′ 
f lame = 

 

h f lame (T MAT L 
f l, max 

− T sur f ) ∀ y ≤ y f 

h f lame 

(
α f 

(
T MAT L 

f l, max 
− T HF g 

)
e − ln ( α f ) ×( y ∗) 2 + T HF g − T sur f 

)
∀ y > y f 

(2) 

 

∗ = 

y + y 0 
y f + y 0 

(3) 

 

MAT L 
f l, max = 

{
T MAT L 

f l, adiabatic 
∀ y ≤ 5cm 

0 . 87 × T MAT L 
f l, adiabatic 

∀ y > 5cm 

(4) 

For laminar wall flames, q ′′ 
f lame 

has been shown to be primarily

onvective in nature [19] . Specifically, our previous measurements

ave shown that the radiative component of these flames accounts

or less than 20% of total measured flame heat flux for y f ≤ 15 cm

18] . Thus, in this model, q ′′ 
f lame 

is defined based on a classical

onvection heat transfer expression. The impact of a “blowing ef-

ect” [25,26] (in which an increased flux of gaseous pyrolyzates in-

reases flame standoff distance and reduces convective heat feed-

ack) on measured heat transfer in this system was found to be

inor [17,18,27] and thus it is not explicitly included in the model

xpressions. 

In Eq. (2 ), h flame is a heat transfer coefficient that captures both

he dominant convective and minor radiative components of flame

o surface heat transfer. h flame is defined as a single constant value

cross the sample’s surface; its calculation is detailed in a later sec-

ion of this manuscript. T MAT L 
f l, adiabatic 

is the adiabatic flame tempera-

ure (in K) for the stoichiometric mixture of gaseous pyrolyzates

nd air, which has been shown to reasonably approximate the

aximum temperature of laminar wall flames [17,28] . In the previ-

usly developed flame model, this temperature was computed for

yrolyzates of PMMA [17] . In this study, T MAT L 
f l, adiabatic 

was computed

or each material of interest based on their respective �H 

MAT L 
c val-

es, which were measured using several techniques discussed in

he following sections, together with the known atomic composi-

ion of their pyrolyzates. 

T HFg = 291 K is the average temperature of the water used to

ool the heat flux gauge utilized for flame heat flux measurements

nd T surf is the temperature (in K) of the surface into which the

ame heat flux is calculated. When T surf is set equal to T HFg , Eq. (2 )

alculates flame heat flux as measured by the water-cooled heat

ux gauge, q ′′ 
HF g 

. y is the distance downstream from the base of
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Table 1 

Materials used to obtain data for flame model generalization. 

Material Resin composition Sample thickness (mm) Manufacturer Distributor 

Acrylonitrile Butadiene Styrene 

(ABS) 

C 8 H 8 • C 4 H 6 • C 3 H 3 N 6.2 Westlake Plastics Modern Plastics 

High Impact Polystyrene (HIPS) C 8 H 8 5.9 Spartech Plastics Professional Plastics 

Glass Filled Polybutylene 

Terepthalate (PBT) a 
C 12 H 12 O 4 5.8 BASF BASF 

Cast Poly(Methyl Methacrylate) 

(PMMA CAST ) 

C 5 H 8 O 2 6.1 Evonik Industries Evonik Industries 

Extruded Poly(Methyl 

Methacrylate) (PMMA EXT ) 

C 5 H 8 O 2 5.8 Evonik Industries US Plastic Corporation 

Polyoxymethylene (POM) CH 2 O 6.7 Ensinger Curbell Plastics 

Polypropylene (PP) C 3 H 6 6.4 Compression Polymers 

Corporation 

US Plastic Corporation 

Glass Reinforced Unsaturated 

Polyester (UP) a 
C 8 H 6 O 2 • C 8 H 16 O 4 • C 5 H 12 O 2 • C 4 H 2 O 3 5.5 Prepared In-House from Fibre 

Glast Resin 

–

a PBT and UP samples are glass-reinforced (25 and 50 wt%, respectively) composite materials. 
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the flame; αf and y 0 are empirical constants. αf defines the de-

cay (curvature) of the flame heat feedback profile with respect to

distance downstream of y f . y 0 determines how far this heat feed-

back profile extends beyond y f . Effectively, these parameters scale

the gas temperature in the convective heat flux expression, which

reflects the fact that the changes in the flame heat flux with the

distance from the base of the flame are dominated by cooling of

the buoyant plume through entrainment of surrounding air. 

In addition to scaling flame height and peak flame tempera-

ture ( y f and T MAT L 
f l, adiabatic 

, respectively) by �H 

MAT L 
c , extension of the

flame model to other materials required a redefinition of y (the

distance downstream from the base of the flame). In the previ-

ously developed model, the location of the base of the flame was

approximated as the position of the bottom of the solid sample

even though, as samples continued burning, the base of the flame

moved downward due to polymer melt flow. The error associated

with this approximation was compensated for by adjusting param-

eters of Eq. (1 ); however, this approach made it impossible to di-

rectly extrapolate the flame model to materials for which flame

base movement dynamics differs from that of extruded PMMA.

Therefore, in the current study, y = 0 was redefined to correspond

to the actual base of the flame. Measurements from experiments

on extruded PMMA, which were the basis of the previously de-

veloped flame model, were thus re-analyzed by explicitly tracking

the location of the base of the flame, y b , with respect to the bot-

tom of the sample throughout the duration of experiments. This

new, more accurate definition of y resulted in changes in the flame

model parameters a, p, b, αf , and y 0 with respect to those reported

in a previous publication [17] . 

3. Experimental 

3.1. Materials 

Most thermoplastic materials used in this study were purchased

in the form of 6.0 ± 0.7 mm thick sheets, which were free of dyes

or flame retardants. A summary of manufacturer and distributer

information for each material is provided in Table 1 . Two types of

PMMA, extruded (PMMA EXT ) and cast (PMMA CAST ), were used to

examine the potential impact of dripping and melt flow on flame

spread measurements. Unlike PMMA EXT , which was used to de-

velop the original flame model, PMMA CAST did not exhibit melt

flow or dripping due to its significantly higher average degree of

polymerization. Samples of polybutylene terephthalate (PBT) and

unsaturated polyester (UP) studied in this work contained inor-

ganic reinforcement. PBT samples were prepared by BASF and con-

tained 25 wt% of chopped glass fiber. UP samples were prepared

in-house and contained 50 wt% of a plain weave glass fabric. A de-
ailed description of the composite’s manufacturing process is pro-

ided elsewhere [29] . 

The atomic composition of each polymer studied in this work is

isted in Table 1 . For all polymers, with the exception of UP resin,

his information was obtained from the manufacturer. The UP resin

s known to be synthesized from phthalic anhydride, maleic anhy-

ride, and styrene, which polymerize into a thermosetting network

f polyester chains with polystyrene crosslinks. However, the exact

omposition of the Fibre Glast UP resin is proprietary. Therefore, it

as approximated by a known composition of a general purpose

olymerized UP resin [30] . 

.2. Upward flame spread experiments 

To characterize the wall flames supported by materials listed in

able 1 , experimental measurements of flame heat flux and sample

ass loss rate were taken as a flame spread upward across the

urface of 5–20 cm tall and 5 cm wide samples. Heat flux and mass

oss rate measurements were obtained in separate tests to avoid

otential interference between the corresponding diagnostic tools.

very test was videotaped. 

All samples were mounted onto a 6.0 mm thick sheet of

aowool PM insulation, and surrounded by a 2.5 cm wide strip of

he same insulation at their top, bottom, and two sides. Samples

nd surrounding insulation pieces were fixed to the back insula-

ion board using a thin ( ≈0.5 mm) layer of a high temperature 3 M

octite epoxy. Prior to each test, sample-insulation assemblies were

onditioned in a desiccator in the presence of Drierite for a mini-

um of 24 h. 

At the beginning of each test, sample-insulation assemblies

ere secured within a holder that consists of two steel panels

onnected along one side by a hinge. When the front panel is

losed around a sample, it is locked in place by four (top, bot-

om, and sides) clasps. Prepared samples are then secured in place

y thumbscrews that press the insulation surrounding the sample

nto the backside of the front panel, thus exposing only the front

urface of the sample slab as well as 2.0 and 0.5 cm, respectively,

f insulation above/below and to either side. This holder design

nd sample mounting procedure is presented in detail elsewhere

18] . As shown in Fig. 1 , the sample holder was placed beneath an

xhaust hood to ensure the adequate removal of combustion prod-

cts while maintaining nearly quiescent conditions (induced verti-

al air velocity of ≈0.05 m s −1 ). All samples were ignited at their

ase by a 5 cm wide, non-premixed gas burner, which was sup-

lied with 0.15 L min 

−1 (at 1 atm and 298 K) of propane. 

Burner flame heat flux, from the burner flame to a water-cooled

chmidt-Boelter heat flux gauge embedded flush with the sample’s

urface, was carefully measured in a previous study [17] . This heat
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Fig. 1. Experimental setup for vertical burning and upward flame spread experi- 

ments. 
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T  
ux was found to decrease with height above the bottom of the

ample, y s , from 50 kW m 

−2 at y s = 0 to 27 kW m 

−2 at y s = 2 cm. A

teel shield positioned horizontally above the bottom of the sam-

le (see Fig. 1 ) was used to limit the sample area exposed to the

urner flame; above the shield, at y s > 2.5 cm, measured burner

ame heat flux was close to 0. Burner flame heat flux was fairly

niform across the width of the sample (less than 10% deviation

rom the center reading). 

Tests began with ignition of the burner, which was kept in

lace just long enough for sustained, uniform ignition of each

ample along its bottom edge. Immediately after sample ignition,

he burner was removed and a radiant heater was positioned, if

eeded, to provide up to a 20 kW m 

−2 heat flux to the sample’s

ront surface (as measured by a water-cooled heat flux gauge). This

xternal heat flux, q ′′ ext , remained constant throughout the duration

f tests and varied by less than 10% across the sample’s front sur-

ace. Application of q ′′ ext was used to induce flame spread for mate-

ials that did not independently sustain the process. Samples were

llowed to burn until completely involved, until steady state mea-

urements of flame heat flux were recorded for at least 60 s, or

ntil secondary burning behavior (e.g. polymer melt flow, sample

urnout, or residue formation at the sample’s surface) significantly

mpacted measurements. Samples were extinguished by applica-

ion of a compressed air stream. 

To measure sample mass loss rate, the sample holder was

laced on top of a Mettler Toledo XS4002S balance, which

ecorded sample mass at a frequency of 1 Hz. Width-normalized

ass loss rate, dm 

′ 
dt 

, was calculated as the numerical derivative of

easured sample mass, using a 1 s time step, divided by flame

idth. For all materials with the exception of UP, the flame width

as equal to the width of the sample (5 cm). In the case of UP,

ame width reduced with time due to burnout along each side of

he sample. Therefore, a video review was used to determine the

volution of flame width throughout the duration of experiments.

ignal noise in 

dm 

′ 
dt 

was reduced by applying a 5 s running aver-

ge. For each material and sample height of interest, tests were

epeated 3–6 times. Measurements from repeated tests were av-

raged together and this combined dataset was further smoothed

sing a 5 s running average prior to further analysis. 

For flame heat flux measurements, samples were further pre-

ared by drilling an orifice at the top and along the centerline

width) of the sample slab to allow a heat flux gauge to be tightly

ecured such that its face was flush with that of the slab and

he surrounding insulation (above). A 0.95 cm diameter, Schmidt-

oelter heat flux gauge (manufactured by Medtherm) cooled with

ater at an average temperature of T HFg = 291 K was employed in

hese measurements. The heat flux gauge was calibrated before

ach test and cleaned and repainted after every 1–3 tests, in ac-
ordance with the procedures described elsewhere [17] . Total flame

eat flux measured by this water-cooled heat flux gauge, q ′′ HF g , was

ecorded at 2 Hz using an NI USB-9211A data acquisition mod-

le (DAQ) connected to a computer. For each material and sam-

le height of interest, flame heat flux experiments were repeated

 times. Measurements from repeated tests were averaged together

nd this combined dataset was smoothed using a 5 s running aver-

ge. 

To obtain spatially resolved measurements of flame heat flux,

amples of different heights were prepared and ignited identically

nd q ′′ HF g was measured at the top of each one by a single gauge,

hile a flame spread across the sample’s surface. Heat flux mea-

urements recorded at the top of each smaller sample were used

o represent those that would be obtained at the same location, y s ,

n taller samples of the same material. Heat flux measurements

aken at each location were related to dm 

′ 
dt 

measurements from the

allest samples. A detailed justification of this equivalency is pro-

ided in earlier publications [17,27] . While this approach required

 greater number of experiments, it prevented potential distortions

n flame temperature and flow field associated with the simulta-

eous use of multiple water-cooled gauges and it eliminated the

ossibility of gauge damage due to polymer dripping or melt flow.

ABS and HIPS presented a unique challenge for flame heat

ux measurements: the flames supported by these materials de-

osited large amounts of soot onto the sample and the surface

f the heat flux gauge. This behavior is detailed in later sections

f the manuscript. An attempt to mitigate soot deposition on the

eat flux gauge by raising its water temperature to 348 K was un-

uccessful. To assess the impact of this deposition on measured

ame heat flux, additional measurements were performed where

he heat flux gauge was shielded using a thin, custom cut and fit-

ed piece of thermal insulation. This insulation shield prevented

oot buildup on the surface of the gauge without affecting material

urning dynamics. This shield was removed at different times af-

er sample ignition and a ‘clean gauge’ measurement of flame heat

ux was recorded as the maximum value measured within 5 s af-

er shield removal. 

Burning of HIPS, PMMA EXT , POM, and PP samples was accom-

anied by a downward movement of the base of the flame due

o melt flow. Conversely, burning of PBT and UP samples was ac-

ompanied by upward movement of the base of the flame due to

urnout of the material near the bottom of the sample. These be-

aviors were quantified through video analysis. The location of the

ase of the flame ( y b ) with respect to the bottom of the sample

as tracked in time; it was taken to correspond to the lowest po-

ition of the continuous flame sheet that was at least as wide as

0% of the maximum flame width. 

.3. Heat of combustion measurements 

The heats of combustion of the gaseous pyrolyzates produced

y ABS, HIPS, PBT, PMMA CAST , PMMA EXT , POM, PP, and UP were

easured using a Govmark CC-1 cone calorimeter built and cali-

rated (daily) in accordance with the ASTM 1354 standard [3] . Pre-

iminary tests were performed to examine whether the heats of

ombustion were sensitive to sample orientation (horizontal ver-

us vertical) and external radiant heat flux ( q ′′ ext ). In the vertical

rientation, heat of combustion measurements were sensitive to

he application of external heating. Therefore, comprehensive heat

f combustion measurements were carried out in this orientation

oth in the presence and in the absence of external heating. In

he horizontal orientation, heat of combustion measurements were

ot sensitive to the presence or absence of external heating. Thus,

n this orientation, only measurements from tests conducted with

xternal heating (as prescribed in the standard [3] ) are reported.

hese experimental configurations and the magnitude of the ap-
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Fig. 2. Test configurations for heat of combustion measurements performed in a 

cone calorimeter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Instantaneous heat of combustion calculated for a PMMA CAST sample burn- 

ing in the horizontal configuration with q ′′ ext = 50 kW m 

−2 . 
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plied external heat flux are shown in Fig. 2 together with the

nomenclature for the corresponding heat of combustion values. 

The majority of cone calorimeter tests were performed us-

ing 10 cm tall and 5 cm wide polymer samples; these dimensions

match the average sample size used in flame spread experiments.

Samples were mounted on Kaowool PM insulation in a manner

similar to that employed in the flame spread experiments (see

Section 3.2 ). Several tests were performed using square, 10 × 10 cm

samples as recommended in the standard [3] . These tests did not

produce statistically different results and were added to the overall

data set. 

In all experiments conducted using an external heat flux, sam-

ples were ignited by a standard cone calorimeter spark igniter po-

sitioned 13 mm away from (normal to) the center of the sample’s

front surface. In experiments conducted without external heating,

samples were ignited outside of the cone calorimeter hood using

a hand-held butane torch applied across the top sample surface

and then moved under the hood (and onto the cone calorimeter

mass balance platform) after a flame was established. Each mate-

rial was tested in all three experimental configurations shown in

Fig. 2 ; tests were repeated 2–4 times to accumulate statistics. 

Heat release rate and mass loss rate histories generated in these

experiments were utilized to compute the heats of combustion of

the pyrolyzates. First, instantaneous heat of combustion was com-

puted by dividing instantaneous heat release rate by the corre-

sponding mass loss rate. Subsequently, a quasi-steady portion of

the instantaneous heat of combustion dependence on time ( t ) was

identified and averaged to obtain the final heat of combustion

value, as demonstrated in Fig. 3 . Early and late portions of the in-

stantaneous heat of combustion curve were ignored because their

unsteady behavior was attributed to errors (in particular, small

time shifts) in the heat release and/or mass loss rate signals. 

The heats of combustion of the gaseous pyrolyzates produced

by ABS, HIPS, PBT, PMMA CAST , PMMA EXT , PP, and UP were also

measured in microscale combustion calorimetry (MCC) [31] exper-

iments. MCC heat of combustion values were obtained from sev-

eral literature sources [29,32,33] . Unlike in the cone calorimeter,
here the pyrolyzates are combusted in a transitional diffusion

ame, MCC utilizes a heated flow reactor where oxidation of the

yrolyzates is driven to completion in excess oxygen. This method

rovides heat of combustion values corresponding to a complete or

ear complete process, which are thus labeled in this manuscript

s �H c complete . One exception is POM for which both MCC and cone

alorimeter are known to yield somewhat inaccurate (low) values

34] because of a deviation from the empirical relation between

xygen consumption and heat release on which both methods are

ased. Therefore, for POM, �H c complete was specified using the re-

ults of bomb calorimetry measurements [34] . 

. Experimental results 

.1. Qualitative observations of material burning behavior 

.1.1. PMMA CAST and PMMA EXT 

Images of flame spread on PMMA CAST and PMMA EXT are shown

n Figs. 4 and 5 , respectively; timestamps in each figure (as well

s those in Figs. 6–11 ) indicate time after sample ignition, t − t ign .

he burner application times for these and other materials are re-

orted in a later section of the manuscript. To further clarify the

oordinate system used in this work, distance above the bottom

f the sample, y s , the location of the base of the flame, y b , and

istance downstream from the base of the flame, y , are labeled in

igs. 4 and 5 . 

Within 10 s of ignition, PMMA flames grow to approximately

–5 cm in height. A thin ( < 0.5 mm) layer of soot is observed to

uickly form on the surface of the samples, downstream of the

yrolysis front, at y s > 4 cm. This layer does not appear to im-

ede flame spread but it effectively transforms PMMA slabs from

lear to non-transparent. As the material continues burning, the

ame grows and transitions away from purely laminar behavior

e.g. flickering is observed). For PMMA CAST , the base of the flame

emains fixed to the bottom edge of the sample throughout the

uration of experiments. PMMA EXT samples exhibit mild melt flow.

pproximately 180 s after ignition of this material, small, narrow

olymer drips extend 1.5 cm below the bottom of the sample; 60 s

ater, drips begin intermittently falling from the sample to the base

f the holder below. A quantitative analysis of movement of the

ase of the flame associated with this melt flow is provided in a

ater section of this manuscript. 

.1.2. PP and POM 

PP and POM exhibited the most significant melt flow. PP sam-

les were observed to flow downward at their bottom prior to

gnition, during the burner application phase of the experiments.
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Fig. 4. Representative test of flame spread over a 15 cm tall sample of PMMA CAST (front view, q ′′ ext = 0 ). 

Fig. 5. Representative test of flame spread over a 20 cm tall sample of PMMA EXT (front view, q ′′ ext = 0 ). 

Fig. 6. Representative test of flame spread over a 10 cm tall PP sample (front view, q ′′ ext = 0 ). 
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or this material, at t = t ign , the base of the flame was located

.4 cm below the bottom edge of the sample slab, y b = −0.4 cm.

his behavior is consistent with this material’s low melting point,

35 K [35] . Although PP samples melted readily, the base of the

ame never extended beyond y b = −2 cm. As seen in Fig. 6 , as

P burned, a soot layer quickly formed at the material’s surface,

oth directly beneath the flame and beyond the farthest reaches of

ame tips. Although this soot layer remained relatively thin ( < 0.5

m) throughout each test, it appeared to inhibit flame spread.

uring the early stages of tests, material degradation (e.g. sample

oftening or bubbling) was not observed beyond the region of the

ample preheated by the propane burner. However, as PP samples

ontinued burning, at approximately 450 s after sample ignition
he front-most layer of the samples softened and slowly flowed

ownward thus fragmenting the attached soot layer. This fragmen-

ation exposed the material behind the soot layer at which point

he pyrolysis front was observed to advance. At later times in each

est, melted PP began dripping from the sample slab to the base of

he sample holder. The resulting drip pool did not burn and thus

id not contribute to measured mass loss rate. 

As seen in Fig. 7 , POM samples maintained a transparent (soot-

ree) blue flame throughout the duration of tests. Shortly after igni-

ion, POM supported a very small (approximately 1 cm tall) flame;

owever, within 180 s of ignition, a steady flame with tips extend-

ng up to y s = 6–8 cm, was observed. At t − t ign ≈ 280 s, the pyrol-

sis front neared y s = 10 cm. POM melt flow could be observed
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Fig. 7. Representative test of flame spread over a 10 cm tall POM sample (front view, q ′′ ext = 0 ). 

Fig. 8. Flame development on a 10 cm tall sample of ABS (side view, q ′′ ext = 0 ). 

Fig. 9. Flame development on a 10 cm tall sample of HIPS (side view, q ′′ ext = 0 ). 
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shortly after ignition. This polymer melt continued to burn, allow-

ing the base of the flame to progress downwards at a fairly steady

rate until t − t ign ≈ 365 s. Between 390 and 430 s after ignition, a

sudden and significant melt flow event was consistently observed

– a lower portion of the sample (approximately 3 cm wide and

1.5 cm tall) quickly flowed down forming a flaming pool at the base

of the sample holder. Shortly after this event, the experiment was

stopped and the pool and wall flames were extinguished. 

4.1.3. ABS and HIPS 

ABS and HIPS produced the greatest amount of soot of all ma-

terials tests in this work. The soot produced by ABS flames read-
ly adhered to the surface of the polymer to form a continuous

ark layer across the full length of the sample within 10 s of igni-

ion. As seen in Fig. 8 , as ABS continued burning, soot continued to

eposit creating a low density layer that measured at least 1 mm

hick across the sample’s surface within 120 s of ignition. Further

oot deposition appeared to remain fairly uniform resulting in a

–3.5 mm thick layer that was slightly thicker toward the bottom

f the sample. Although a continuous 8–10 cm tall flame was ob-

erved for several minutes after sample ignition, in the absence of

xternal heating, the soot layer inhibited progression of the pyroly-

is front, ultimately causing sample extinction when the initial py-

olysis zone reached burnout. After extinction, a thin layer of char
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Fig. 10. Representative test of flame spread over a 10 cm tall UP sample (front view, q ′′ ext = 0 ). 

Fig. 11. Representative test of flame spread over a 14.5 cm tall PBT sample (front view, q ′′ ext = 0 ). 
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as observed at the material’s front surface, behind the soot layer.

nlike the soot layer above, this char was rigid, porous, and firmly

ttached to the virgin ABS sample. The growth of the underlying

har layer was difficult to track temporally; at extinction, this layer

easured between 0.5 and 1 mm thick. 

Applying a 10 kW m 

−2 radiant heat flux to ABS samples imme-

iately after ignition induced flame spread over this material. Al-

hough heavy soot deposition was still observed in these tests, it

id not prevent the pyrolysis front from advancing upward. Under

hese conditions, flame heat flux and sample mass loss rate were

easured for up to 480 s after ignition. 

In the case of HIPS, a soot layer also formed shortly after igni-

ion. This layer extended beyond the flame tips but grew thick-

st directly beneath the flame. Unlike in the case of ABS, this

oot layer did not grow uniformly to maintain a smooth surface.

nstead, as seen in Fig. 9 , thin strands of soot attached them-

elves to the sample (and the insulation and sample holder). Soot

ontinued to agglomerate on these strands forming thicker and

onger structures, which grew as far as 2 cm normal to the ma-

erial’s surface. During the early stages of soot layer growth on

IPS samples, flames could be found near the polymer’s surface, in

etween individual soot strands. Although flames remained fairly

niform across the width of the sample as it burned, as this soot

ayer thickened, it produced an increasingly effective physical and

o  
hermal barrier that separated the flame from the polymer’s sur-

ace, ultimately causing flame extinction. Numerous attempts were

ade to induce flame spread over HIPS samples (by applying up to

0 kW m 

−2 of external radiant heat flux and/or using a stronger ig-

ition source). However, these attempts were unsuccessful. There-

ore, HIPS data were collected in the experiments conducted with-

ut external heat flux during the first 180 s after sample ignition. 

.1.4. UP and PBT 

Figure 10 shows images of flame spread over UP. At ignition,

he flame was about 2 cm tall. Within 60 s of ignition, a thin layer

f soot formed across the surface of the sample. As tests con-

inued, the flame remained relatively weak and burnout was ob-

erved near the bottom and along the sides of samples resulting

n a progressively narrower flame. Despite this burnout, samples

aintained their original shape throughout experiments, leaving

ehind a residual structure (layers of glass fabric reinforcement).

o avoid changes in burning behavior that could arise with very

arrow flames, sample mass loss rate and flame heat flux mea-

urements were analyzed only during the first 240 s after sample

gnition, when the flame remained at least 4 cm wide. 

Figure 11 shows flame spread over PBT. Within 90 s of igni-

ion, flame tips were observed to reach y s = 6 cm and a thin layer

f soot had deposited farther downstream, across the full length



346 I.T. Leventon et al. / Combustion and Flame 179 (2017) 338–353 

Fig. 12. Measured width-normalized mass loss rate of 7, 10, and 15 cm tall samples of PP ( q ′′ ext = 0 ) and ABS ( q ′′ ext = 10 kW m 

−2 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Width-normalized sample mass loss rates of the tallest samples of each 

material studied in this work (with the exception of PMMA EXT ). Solid lines are av- 

eraged experimental data; dashed lines are curve fits. All measurements were col- 

lected at q ′′ ext = 0 , with the exception of the data for ABS, which was obtained at 

q ′′ ext = 10 kW m 

−2 . Here, error bars indicate two standard deviations of the mean. 
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of the sample. Although this soot layer developed quickly, it re-

mained less than 1 mm thick and did not appear to inhibit flame

spread. Throughout the duration of tests, the flame supported by

PBT samples remained continuous and steady across its length.

Burnout was first observed near the bottom corners of the sam-

ple, approximately 150 s after sample ignition. Due to the presence

of chopped glass fibers, samples maintained their original shape

throughout experiments and left behind a residual structure af-

ter burnout. Sample extinction occurred when burnout caused the

base of the flame to advance toward the top of the sample. Shortly

before sample extinction, PBT flames narrowed significantly. There-

fore, the mass loss rate and flame heat flux data were collected

only during the first 270 s after sample ignition, prior to the devel-

opment of this behavior. 

4.2. Mass loss rate 

Measured width-normalized mass loss rates of 7, 10, and 15 cm

tall samples of PP and ABS are plotted as a function of time af-

ter ignition in Fig. 12 . For PP, dm 

′ 
dt 

of samples of all three heights

are essentially identical throughout the first 400 s after ignition,

which indicates that the pyrolysis front does not advance beyond

y s = 7 cm. This behavior is consistent with qualitative observations

discussed in Section 4.1.2 . For ABS (studied at q ′′ ext = 10 kW m 

−2 ),
dm 

′ 
dt 

of samples of all three heights are identical until approxi-

mately 45 s after ignition, at which point, measured mass loss rate

of 7 cm tall samples no longer continues to increase at the same

rate as that of larger samples. Later in the tests, approximately

120 s after ignition, the measured mass loss rate curve of 10 cm

tall ABS samples similarly breaks away and no longer continues to

increase at the same rate as that of 15 cm tall samples. These re-

sults further confirm an earlier observation [17,27] that the devel-

opment of the pyrolysis zone during flame spread over a material

is not altered between samples of different heights, provided that

the samples are ignited and allowed to burn identically. 

Figure 13 presents measured mass loss rate histories of the

tallest samples of each of the materials studied in this work. For

PMMA EXT , 
dm 

′ 
dt 

from the second tallest, 17.5 cm tall, samples are

used here as these samples showed greater resistance to melt flow.

Solid lines are used in this figure to indicate experimental mea-

surements (average of 3–6 repeated tests). Error bars plotted here

were computed as two standard deviations of the mean. Dashed

lines represent fitted curves, which smooth these measurements

for further analysis. The fitted curves are piecewise defined by a

series of second to fifth order polynomials of the form: 

dm 

′ 
dt 

= c 0 + c 1 ( t − t ign ) + c 2 ( t − t ign ) 
2 + c 3 ( t − t ign ) 

3 

+ c 4 ( t − t ign ) 
4 + c 5 ( t − t ign ) 

5 (5)
The coefficients of the polynomials ( c 0 –c 5 ), the time ranges of

heir validity, and the ignition times ( t ign ) of each material are pro-

ided in Table SI-1 of the Supplementary information document. 

.3. Flame heat flux 

Figure 14 shows time-resolved heat flux – from flame to a

ater-cooled heat flux gauge, q ′′ 
HF g 

– measured (average of three

ests) during upward flame spread over ABS, HIPS, PBT, PMMA CAST ,

MMA EXT , POM, PP and UP. For most materials, q ′′ HF g was measured

n several locations y s (distance from the bottom of the sample),

hich are indicated on the figure. The displayed error bars were

omputed as two standard deviations of the mean (some error bars

re comparable with the size of the symbols). As expected, q ′′ 
HF g

ends to increase with time before reaching a steady value as the

ame spreads toward the gauge. It takes progressively longer for

eak, steady flame heat fluxes to be recorded at higher y s , the de-

ay corresponding to the additional time needed for the flame to

each that measurement location. 

For ABS and HIPS samples, continuously measured q ′′ 
HF g 

values

o not remain steady later in the experiments and instead show a

ignificant decrease with time after a peak value is recorded. This

ecrease can be attributed to the soot layer that forms on the sur-

ace of each material as they burn and a similar layer that forms on

he heat flux gauge’s surface. The results of experiments designed

o remove the effects of soot deposition on ABS and HIPS flame

eat flux readings are shown in Fig. 14 as discrete data points la-

eled ‘Clean Gauge’. These heat flux values are comparable to those
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Fig. 14. Experimentally measured flame heat flux (to a water-cooled gauge) for ABS, HIPS, PBT, PMMA CAST , PMMA EXT , POM, PP, and UP materials at multiple locations, y s , 

above the bottom of the sample. Here, error bars indicate two standard deviations of the mean. 
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ontinuously measured in the beginning of the experiments. How-

ver, the clean gauge readings become up to 20 kW m 

−2 higher at

ater times. These discrepancies indicate that the thermally insu-

ating effect of the layer forming on the gauge is significant. To

econstruct ABS and HIPS flame heat flux histories that are nearly
 l
ree from the effects of this soot layer, heat flux measurements ob-

ained early in the experiments, while q ′′ HF g increases by at least

.05 kW m 

−2 s −1 , were combined with the clean gauge data points

nd interpolated with spline functions, which are shown as dashed

ines in Fig. 14 . 
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Fig. 15. Changes in the flame base location with time during upward flame spread 

over PMMA EXT . Here, error bars indicate two standard deviations of the mean. 

Table 2 

Heats of combustion of gaseous pyrolyzates in kJ g −1 . 

Material �H c complete �H c heat H �H c heat V �H c 0 V 

ABS 36.5 [32] 28.4 ± 0.7 29.3 ± 0.8 31.0 ± 0.9 

HIPS 39.2 [32] 27.9 ± 0.7 30.2 ± 0.8 30.1 ± 0.3 

PBT 23.1 [33] 21.6 ± 0.3 21.2 ± 1.1 20.2 ± 0.2 

PMMA CAST 24.5 [32] 24.4 ± 0.4 24.0 ± 0.4 21.3 ± 0.5 

PMMA EXT 24.5 [32] 23.8 ± 0.2 24.2 ± 0.1 20.0 ± 0.6 

POM 15.9 [34] 14.9 ± 0.2 14.6 ± 0.6 11.8 ± 0.8 

PP 41.0 [32] 37.9 ± 0.4 37.7 ± 0.4 31.7 ± 1.7 

UP 22.7 [29] 20.5 ± 0.5 20.4 ± 1.0 23.4 ± 1.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Heats of combustion of gaseous pyrolyzates. Here, error bars indicate two 

standard deviations of the mean. 
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4.4. Flame base movement 

For all materials studied in this work with the exception of ABS

and PMMA CAST , as samples burned, the base of the flame either

moved upward, due to sample burnout, or downward, due to poly-

mer melt flow. The location of the base of the flame, y b , was thus

tracked by video review throughout the duration of experiments.

As was already mentioned, y b is defined as the lowest position at

which the flame is at least 60% of its maximum width. The evolu-

tion of y b for PMMA EXT is shown in Fig. 15 . Note that the base

of the flame never extends below y b = −5.5 cm as this location

corresponds to the lower edge of the sample holder. Experimen-

tal measurements (open circles) obtained from all tests on 17.5 cm

tall samples of PMMA EXT are plotted together and fitted piecewise

with linear functions of the form: 

y b = d 0 + d 1 
(
t − t ign 

)
(6)

The function coefficients ( d 0 and d 1 ) and the time ranges of

their validity are reported in Table SI-2 of the Supplementary in-

formation document. This table also contains similar results for all

materials tested in this work for which movement of the base of

the flame was significant. Error bars in Fig. 15 were computed as

two standard deviations of the mean when a minimum of three

experimental measurements of y b were recorded within a ±3 s pe-

riod. For each material tested in this work, throughout the duration

of experiments, fitted y b expressions match experimental measure-

ments, on average, within 0.5 cm. 

4.5. Heat of combustion 

The heats of combustion of gaseous pyrolyzates of the studied

materials are summarized in Table 2 . These data are also plotted

in Fig. 16 to highlight the impact of burning conditions on heat

release. The reported uncertainties were calculated as two standard

deviations of the mean. 
As expected, the MCC and bomb calorimetry measurements (re-

orted as �H c complete ) yield the highest heat of combustion val-

es for all materials (except for UP, for which �H c complete and

H c 0 V are equivalent within their respective uncertainties). Cone

alorimeter measurements conducted in the presence of external

eating produce similar values for horizontal and vertical sam-

le orientations ( �H c heat H and �H c heat V ). However, for POM,

MMA CAST , PMMA EXT , and PP, experiments conducted in the ver-

ical orientation in the absence of external heating, which most

losely mimic flame spread experiments, yield heats of combus-

ion, �H c 0 V , that are significantly (by about 15%) lower than the

orresponding �H c heat H and �H c heat V values. These reductions in

he heats of combustion correlate with increases in carbon monox-

de yields as discussed in detail elsewhere [36] . 

These lower heats of combustion are speculated to be a result

f partial thermal quenching of the flame near the material sur-

aces. Unlike in the case of cone calorimetry tests conducted with

xternal heating, where the entire surface of the sample is ignited

imultaneously, in vertical tests conducted without external heat-

ng, samples are ignited at their base and a flame gradually prop-

gates upward. This flame comes in contact with a comparatively

ooler solid surface that is below its pyrolysis temperature, which

s thought to cause partial quenching of the flame. This effect is

ot observed for UP, PBT, ABS, and HIPS because an inorganic re-

nforcement and/or soot layer that quickly forms on the surface of

hese materials acts as a thermal insulator effectively shielding the

ame from the bulk of the solid. 

. Flame model parametrization 

.1. Heat flux flame height 

Previously measured PMMA EXT data [17] representing the de-

endence of heat flux flame height ( y f ) on 

dm 

′ 
dt 

are shown in Fig. 17

s red diamonds. These measurements were obtained under the

ssumption that the base of the flame remained fixed to the bot-

om of the sample. Adjusting these measurements for the down-

ard movement of the base of the flame (which was quantified in

ection 4.4 ) yields a new data set, which is shown on Fig. 17 as

lack squares. Error bars for each dataset indicate two standard

eviations of the mean, as calculated based on a propagation of

rrors resulting from variation in time when y f reaches a given

ocation and uncertainties in y b and 

dm 

′ 
dt 

. Fitting these data with

q. (1 ) (solid line in Fig. 17 ) produces the following parameter val-

es: a = 190 cm 

1.46 s 0.46 g −0.46 , p = 0.46, b = −6.9 cm. The values of

hese empirical constants defined here differ from those reported

n our previous work [17] ; however, as seen in Fig. 17 , in either

odel, predicted dependence of y f on sample mass loss rate is

early identical for y f ≤ 10 cm. Primarily, the difference between
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Fig. 17. Impact of flame base movement on heat flux flame height ( y f ) depen- 

dence on mass loss rate. All data were obtained from flame spread experiments 

on PMMA EXT . Here, error bars indicate two standard deviations of the mean. (For 

interpretation of the references to color in this figure, the reader is referred to the 

web version of this article.) 

Fig. 18. Comparison of the heat flux flame height correlation developed in this 

work to literature data on flame height derived from visual observations and/or 

flame image analysis. 
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Fig. 19. Comparison of visually defined (left arrow) and heat flux based (right ar- 

row) flame heights. Measurements indicate distance from the bottom of sample, y s . 
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he two models arises at larger y f (and at higher burning rates),

hich were observed later in experiments when downward move-

ent of the base of the flame became significant. 

The new correlation for y f can be compared to literature data

y plotting measured heat flux flame height values against width-

ormalized heat release rate, Q 

′ , which was computed as a prod-

ct of the mass loss rate ( dm 

′ 
dt 

) and �H c complete of PMMA EXT . This

lot is shown in Fig. 18 along with a collection of literature data

rom several experimental studies of vertical wall flames fueled

y combustible solids [12,20,23,37] . The current study is unique in

hat it offers data for very small flames ( y f < 8 cm). Qualitatively,

he heat flux flame height correlation ( Eq. (1 )) developed in this

ork exhibits a trend similar to the literature data; however, the

bsolute values of y f computed using this correlation are system-

tically lower than flame heights reported in the literature. This

iscrepancy is believed to be associated with differences in defi-

ition and measurement methodology. For the literature data pre-

ented here, flame height is defined based on visual observations

nd/or flame image analysis as the farthest extent of the contin-

ous flaming region or visible flame tips; whereas in the current

tudy, y f is defined based on peak measured heat feedback in the

ontinuous region of the flame (as explained in Section 2 ). This is

urther illustrated in Fig. 19 , which demonstrates how using dif-

erent criteria to define flame height can easily lead to a factor of

wo difference in reported values. In this figure, the heat flux flame
eight reaches y s = 12.5 cm; however, visible flame tips extend be-

ond y s = 22.5 cm. 

.2. Flame heat flux shape 

Using T MAT L 
f l, adiabatic 

= 2363 K and h flame = 0.0193 kW m 

−2 K 

−1 as

reviously computed for PMMA EXT [17] and the new flame height

orrelation, the flame heat flux histories obtained for this material

ere refitted to determine new values for the parameters αf and

 0 , which define the shape of the upper (decaying) portion of the

ame heat flux profile as per Eqs. (2 ) and ( 3 ). This fitting process is

escribed in detail in a previous publication [17] . The new values

f αf and y 0 were determined to be 1.79 and 3.75 cm, respectively.

s show in Fig. 20 , this newly parameterized flame model provides

n excellent description of the PMMA EXT heat flux histories with

o systematic over or under estimation of the time-resolved data.

ote that, while the flame heat flux measurement locations shown

n the figure ( y s ) define distance with respect to the stationary

ample bottom, the calculated heat flux profiles do take into ac-

ount the movement of the base of the flame (i.e., y in Eqs. ( 2 )–( 4 )

s equal to y s −y b ). 

.3. Extension to other materials 

As argued in Section 2 , extension of this flame model to an ar-

itrary material can be accomplished by using the heat of combus-

ion of the gaseous pyrolyzates of the material of interest ( �H 

MAT L 
c )

o scale the flame height correlation ( Eq. (1 )) and to compute

he adiabatic flame temperature ( T MAT L 
f l, adiabatic 

) for the stoichiomet-

ic mixture of these gaseous pyrolyzates and air. T MAT L 
f l, adiabatic 

can be

stimated using �H 

MAT L 
c and the atomic composition of the py-

olyzates, which, in this work, was taken to be equal to that of

he polymer (polymer compositions are listed in Table 1 ). To com-

ute T MAT L 
f l, adiabatic 

, the combustion products were assumed to consist

nly of CO 2 , H 2 O, and N 2 (no minor species); their temperature

ependent heat capacities were obtained from the NIST Chemistry

ebbook [38] . 

To determine which quantities best represent �H 

MAT L 
c , five

ifferent methods were examined. In Methods 1, 2, and 3, �H 

MAT L 
c 

as set to be equal to �H c complete , �H c heat H , and �H c 0 V , re-
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Fig. 20. Experimental and modeled flame heat flux histories for PMMA EXT . Here, error bars indicate two standard deviations of the mean. 

Table 3 

Global radiative fractions, χ r , measured using a fire propagation 

apparatus (FPA) and cone calorimeter. 

Material FPA Cone calorimeter Average 

ABS 0.51 [41] 0.41 [42] 0.46 

HIPS 0.50 a [39,40] 0.49 [42] 0.50 

PBT 0.30 [41] – 0.30 

PMMA CAST 0.33 [39,40] 0.33 [42] 0.33 

PMMA EXT 0.33 [39,40] 0.33 [42] 0.33 

POM 0.22 [39,40] 0.22 [42] 0.22 

PP 0.39 [39,40] 0.57 [42] 0.48 

UP 0.32 [39,41] – 0.32 

a HIPS χ r values reported here are obtained from FPA mea- 

surements of polystyrene (PS). 

Table 4 

Flame model parameters computed using different heat of combustion definitions. 

�H MATL 
c : �H c complete �H c heat H �H c 0 V ( 1 − χr ) 

× �H c heat H 

h flame (kW m 

−2 K −1 ): 0.0196 0.0201 0.0235 0.0288 

Material T MATL 
f l, adiabatic 

(K) 

ABS 2410 ± 90 1980 ± 40 2120 ± 40 1260 ± 20 

HIPS 2460 ± 100 1890 ± 30 20 0 0 ± 10 1150 ± 20 

PBT 2290 ± 90 2170 ± 20 2060 ± 20 1660 ± 10 

PMMA CAST 2330 ± 90 2320 ± 30 2090 ± 30 1710 ± 20 

PMMA EXT 2330 ± 90 2280 ± 20 1990 ± 40 1680 ± 10 

POM 2410 ± 90 2290 ± 20 1910 ± 100 1890 ± 20 

PP 2290 ± 90 2160 ± 20 1880 ± 80 1330 ± 10 

UP 2320 ± 90 2140 ± 40 2370 ± 90 1600 ± 30 
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spectively. �H c complete represents the upper bound of the heat of

combustion. �H c heat H values take into account combustion in-

efficiencies associated with transitional buoyant diffusion flames;

�H c heat H measurements are available for a wide range of mate-

rials. Finally, �H c 0 V values mos t closely correspond to the flame

spread problem geometry and, as discussed in Section 4.5 , take
Table 5 

Absolute differences in kW m 

−2 between predicted and measur

material were averaged throughout the duration of experimen

Method 1 Method 2 M

y f calculated from: �H c complete �H c heat H �

T MATL 
f l, adiabatic 

calculated from: �H c complete �H c heat H �

Material Absolute difference between p

ABS 5.2 6.8 5.6

HIPS 3.8 9.1 2.4

PBT 5.2 5.0 6.3

PMMA CAST 2.1 2.0 2.1

POM 7.4 7.8 8.7

PP 1.7 2.1 2.2

UP 1.7 4.0 11

Mean, all materials 3.8 5.3 5.5
nto account additional combustion inefficiencies associated with

his particular experimental configuration. 

In Method 4, an attempt was made to account for the flame’s

adiative losses by setting �H 

MAT L 
c = ( 1 − χr ) ×�H c heat H , where χ r 

s the global radiative fraction. In this work, χ r was calculated as

he average of measured values reported by Tewarson [39–41] and

uintiere et al. [42] ; these values are listed for each material in

able 3 . Here, χ r is calculated as radiative heat release divided by

hemical (total measured) heat release. It should be noted that, in

he context of this method, the T MAT L 
f l, adiabatic 

parameter cannot be re-

erred to as an adiabatic flame temperature. Nevertheless, for sim-

licity, the same parameter abbreviation was retained. 

In Method 5, a hybrid approach was pursued where

( 1 − χr ) ×�H c heat H was used to scale the flame height corre-

ation, while �H c complete was employed to compute T MAT L 
f l, adiabatic 

.

he logic behind this method was that, while the overall flame

s a subject of combustion inefficiencies and radiative losses,

he hottest region of the flame (located near the flame base

nd represented by T MAT L 
f l, adiabatic 

) may still correspond to nearly

omplete combustion accompanied by little soot production and,

hus, insignificant radiative emissions. T MAT L 
f l, adiabatic 

values computed

rom the different heat of combustion definitions are summarized

n Table 4 . For consistency, �H 

PM M A EXT 
c and T MAT L 

f l, adiabatic 
of PMMA EXT 

ere also redefined in accordance with each method and the

alues of h flame were recalculated (and reported in Table 4 ) to

nsure that the model predictions of peak, steady heat flux of

MMA EXT flames (shown in Fig. 20 ) remain unaltered regardless

f the method selection. Uncertainties provided in this table are

alculated assuming that the primary source of error in calculated

ame temperatures arises only from a propagation of error in

easured �H 

MAT L 
c . 

The relative performance of these five methods was evaluated

y computing the flame heat flux histories at different locations,
ed flame heat fluxes. The differences calculated for each 

ts and across all measurement locations. 

ethod 3 Method 4 Method 5 

H c 0 V ( 1 − χr ) ×�H c heat H ( 1 − χr ) ×�H c heat H 

H c 0 V ( 1 − χr ) ×�H c heat H �H c complete 

redicted and measured flame heat fluxes (kW m 

−2 ) 

 13.0 3.4 

 16.1 12.4 

 3.3 5.2 

 2.0 1.9 

 7.0 7.8 

 8.1 5.7 

.1 6.1 3.3 

 7.9 5.7 



I.T. Leventon et al. / Combustion and Flame 179 (2017) 338–353 351 

Fig. 21. Experimental and modeled flame heat flux histories for ABS, HIPS, PBT, PMMA CAST , POM, PP, and UP. The model parameters were computed using Method 1. Here, 

error bars indicate two standard deviations of the mean. 
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3  
 s , for ABS, HIPS, PBT, PMMA CAST , POM, PP, and UP (from the dm 

′ 
dt 

nd y b curves defined by Eqs. (5 ) and ( 6 )) and by comparing these

eat fluxes to the corresponding experimental data. A summary

f these comparisons is provided in Table 5 . This table reports

he average absolute difference between predicted and measured

 

′′ 
HF g 

. Averaging was performed throughout the duration of experi-

ents and over all measurement locations used for a given mate-

ial. PMMA data were not included in the evaluation because
EXT 
hey were already utilized in the flame model parametrization.

MMA CAST data were included because this material was substan-

ially different from PMMA EXT in terms of the melt flow and flame

ase movement. 

As indicated by the data in Table 5 , Method 1 was found

o provide the most accurate predictions of flame heat flux. The

redictions obtained with this method were, on average, within

.8 ± 1.6 kW m 

−2 of the experimental data (here, this uncertainty
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Fig. 22. A depiction of a laminar soot-producing diffusion flame on a sample sur- 

face. 
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represents two standard deviations of the mean; it indicates by

how much the average error of model predictions differs between

each material tested). To place this level of agreement in con-

text, one may consider that the differences between flame heat

flux measurements reported in the literature for similarly sized

wall flames on the same material (e.g. PMMA) can be as high as

20 kW m 

−2 [43] . 

Figure 21 provides a detailed, time-resolved comparison be-

tween the experimental flame heat flux data and those predicted

using Method 1 parameters. Note that in this figure, ABS and HIPS

unshielded experimental measurements are only shown prior to

significant soot deposition on the gauge. The worst agreement is

observed for POM. The model underpredicts the peak, steady heat

fluxes by 10–14 kW m 

−2 and, as indicated by the data in Table 5 ,

none of the other explored heat of combustion definitions sub-

stantially improve this agreement. This discrepancy may be asso-

ciated with a change in flame (to material surface) standoff dis-

tance, which would impact the value of the heat transfer coeffi-

cient ( h flame ). However, an analysis of flame standoff distance based

on comparison of a series of high resolution images taken from the

sides of both POM and PMMA EXT flames of several heights did not

reveal any significant differences in this parameter. 

An alternative explanation for this discrepancy is associated

with the soot-free nature of POM flames, as evidenced by their

nearly uniform faint blue color (see Fig. 7 ). It is speculated that

the soot layer present in the flames produced by all other materials

examined in this study may act as a heat sink diverting a portion

of the energy conducted toward the sample surface. The absence

of a soot layer in POM flames thus leads to a higher flame heat

flux to the surface. This speculation is illustrated by a depiction of

the primary features of sooting flames in Fig. 22 . It is shown that

a portion of the energy conducted from the region of the flame

with the highest temperature (designated by T MAT L 
f l, max 

) to the sam-

ple’s surface is converted to radiation in the soot layer. Half of this

converted energy (designated by q ′′ 
rad 

) is radiated toward the sam-

ple’s surface; the other half is radiated away. While flame to sur-

face heat transfer is believed to be dominated by convection for all

studied materials, q ′′ 
rad 

may be sufficiently large (10–20% of q ′′ HF g as

suggested by earlier measurements [18] ) to be responsible for the

observed discrepancies between the current flame model and POM

data. 
. Conclusions 

In this work, detailed measurements of sample mass loss rate

nd flame heat flux were obtained as a flame spread vertically

pward over the surface of seven polymeric materials – ABS,

IPS, PBT, PMMA, POM, PP and UP – two of which are glass-

einforced composites. These materials are widely used in house-

old goods, transportation vehicles and packaging applications and,

ollectively, they represent diverse fuel chemistry and a wide

ange of burning behaviors including polymer melt flow, sample

urnout and heavy soot formation. Using these results, a previ-

usly developed empirical model, which calculates the complete

eat feedback profile of a 3–20 cm tall buoyant diffusion flame

n a vertically oriented PMMA surface from this material’s width-

ormalized mass loss rate, was generalized to other pyrolyzable

olids. 

The generalized model requires knowledge of the heat of com-

lete combustion of the gaseous pyrolyzates of the material of

nterest, which can be measured with a microscale combustion

alorimeter, and the atomic composition of these pyrolyzates. The

odel yields an analytical relationship between width-normalized

ass loss rate and spatially resolved flame heat feedback to the

urning surface. This model was found to predict flame heat flux to

 water-cooled gauge embedded into a material’s surface with an

verage accuracy of ±3.8 kW m 

−2 (approximately 10–15% of peak

ame heat flux). 

As demonstrated in an earlier study [17] , a combination of this

ame model with a numerical pyrolysis solver produces a robust

ool for the analysis of flame spread dynamics. This tool has a sub-

tantial limitation with respect to computational fluid dynamics

ased methods – it is only applicable to a specific problem geom-

try and gaseous flow conditions realized in a terrestrial environ-

ent. However, as discussed in Section 1 , this geometry encom-

asses a wide range of important fire scenarios and, in terms of

omputational efficiency and accuracy, this tool is likely to be su-

erior to any other existing models. 
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