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a b s t r a c t 

The paper presents a comprehensive experimental study of flame spread over the surface of horizontally 

placed slabs of four types of PMMA specimens in still air. Temperature distributions in the gas phase 

near the solid fuel surface and in the condensed phase were measured using microthermocouples. Spa- 

tial variation of the species concentration in the gas-phase flame near the solid fuel surface was mea- 

sured using probing mass spectrometry. Also flame spread rate over the polymer surface was measured. 

The experiments revealed differences in the combustion character of the specimens investigated. At the 

flame spread over surface of two (out of the four) specimens boiling and formation of large bubbles were 

discovered. The main flame components including ММА, О2 , СО2 , Н2 О, N 2 , С 2 Н4 (ethylene), С 3 Н6 (propy- 

lene) have been first identified, and their concentration profiles at different distances from the flame front 

have been measured. The data on the chemical flame structure have been shown to be in good agree- 

ment with the data on its thermal flame structure. The size of the “dark zone” of the flame, in which the 

temperature near the polymer surface is minimal, correlates well with the size of the oxygen-free zone, 

which is adjacent to the burning surface. Conductive heat feedback from the flames to the condensed 

fuel surface was estimated on the basis of the experimental results. The conductive heat flux averaged 

over the burning surface was estimated to be approximately 13.2 kW/m 

2 . It has been established that it 

is maximal in the flame front and decreases as the specimen burns out. The data obtained may be used 

for developing and validating a numerical model of flame spread over PMMA surface. 

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

Polymer materials are widely used in all areas—in the construc-

tion industry, in transport, in electro-technical industry and in peo-

ple’s households. As the number of fires has been growing recently,

predicting the behavior of these materials in fire and reduction of

polymers’ flammability are becoming increasingly more important.

Developing a model for combustion of polymer materials is thus

becoming an important issue. Flame spread over the polymer sur-

face during fire is one of the key processes resulting in initiation,

spread and grow of fires. In the advanced flame-spread models,

the heat flux from the flame to the virgin fuel is the key parame-

ter that determines the flame spread rate. Although chemical reac-

tions are the source of heat, insufficient attention has been paid to

the study of their role in combustion of polymers and to develop-
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ent of their combustion models. This study is meant to eliminate

his gap. It is devoted to further investigation of both thermal and

hemical structure of flame spreading over polymer. 

. Literature review 

A large number of studies [1–31] involve the study of the mech-

nism for the flame spread over polymer surface. In these pa-

ers, the mechanisms are studied for spread of laminar flames

ver flat surfaces of mostly polymethyl methacrylate (PMMA). The

echanism of the flame spread and simplified models depend on

he thickness of the polymer specimens (slabs or cylinders) over

hich the flame spreads. Traditionally these specimens are di-

ided into thermally thin, in which the temperature distribution

cross its thickness is an essentially uniform, and thermally thick,

n which this distribution is not uniform. The mechanism for the

ame spread depends on the angle of slope to the horizon of the

olymer surface over which the flame spreads, the velocity and di-

ection of the gas flow in relation to the vector of the flame spread,
. 

https://doi.org/10.1016/j.combustflame.2017.10.008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2017.10.008&domain=pdf
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nd gravitation. Most papers discuss downward and upward flame

pread over the fuel slab. Measurements have been performed of

he flame spread rate, of the temperature fields in both gas and

ondensed phase and velocity fields in the gas phase. The meth-

ds used include thermocouple probing, photographing, measur-

ng flame luminescence and radiation, sampling gaseous combus-

ion products from the flame, followed by their analysis by gas

hromatography. Noteworthy that the physical and chemical char-

cteristics of the investigated polymer (PMMA) and information

egarding the polymer manufacturers are provided in not all the

apers describing the experimental studies. Thus, comparison be-

ween various experimental data is not always available. 

Simplified theoretical models have been developed for the

ame spread. They include the mechanisms of heat transfer to the

olymer surface in the boundary layer, which is situated down-

tream the flame front near the flame attachment zone. Appli-

ability of these physical models to other materials depends on

he thermal and chemical kinetic properties of these materials.

 review of the theoretical models of opposed-flow flame spread

eveloped before 1992 has been published earlier [9] . There are

ew papers considering numerical modeling of flame spread over

olymer surface [7,12–17] , in which the model includes energy

quations with chemical reactions for the gas-phase and solid-fuel

quations based on pyrolysis kinetics. There are even less papers

n which the results of numerical modeling are compared with ex-

erimental data. Horizontal flame spread over a polymer surface

s a slow process compared to other flame spread configurations

nd is an important area of study due to its simplicity and suit-

bility for theoretical analysis. In [1,5,20] , the experimental results

f the horizontal flame spread over thermally thick slabs of PMMA

f various thickness (1.6–25 mm) are discussed. Ray et al. [5] in-

estigated the mechanisms of heat transfer in horizontal flame

pread over thermally thick PMMA slabs in still atmosphere. Us-

ng chromel/alumel thermocouples 0.025 mm in diameter, authors

5] measured the temperature fields on the polymer surface and

nside the polymer, while the Pt/Pt13%Rh thermocouples 0.025 mm

n diameter were used to measure the temperature fields upstream

rom the flame front for horizontal flame spread over PMMA slabs

.54 cm thick. The authors revealed that, unlike in the case of ver-

ically downward flame spread, radiation heat transfer from the

ame to the fuel can play a significant role in the heat transfer

rocess for the horizontal mode of flame spread. They also mea-

ured the heat fluxes and the gas flow velocity fields upstream

t different distances upstream from the flame front. Analysis of

he data obtained indicates that there is a transition in the mech-

nisms of heat transfer as the fire grows. While in the early stages

f the fire, heat conduction through the solid is dominant, radia-

ion from the flame becomes of increased importance as the size

f the fire increases. 

In [18] the rate of flame spread over the surface of thick PMMA

12.7 mm thick) was measured as a function of the velocity and

xygen content of a gas flow opposing the direction of flame

pread. At low flow velocities, the flame spread rate was shown

o be practically independent upon the gas flow velocity. The ex-

erimental results agreed with predictions of the simplified flame

pread model, which contained two components: the gas-phase

inetic and the heat transfer from the flame to the fuel. Jiang

t al. [27] experimentally and theoretically investigated the influ-

nce of the slab width on horizontal flame spread over slabs of ex-

ruded polystyrene and expanded polystyrene foams, used for heat

nsulation of the external walls of buildings. Polymer slabs were

laced on a thermal insulation board, which was mounted on an

lectronic balance, providing determination of the mass loss rate.

he flame spread rate depended on the slab width. Minimum val-

es of the flame spread rate were found for extruded polystyrene

oam. 
m  
In Ref. [27] , based on the experiments conducted, a simplified

odel of horizontal flame spread over various widths of polymer

oams was developed. In [28] , the model was improved by per-

orming similar experiments with a simpler fuel, namely, PMMA.

labs of extruded PMMA from 2 to 6 mm thick and 50–100 mm

ide were used. The specimens were manufactured by Nanchang

nter Industrial Co. Ltd. The flame spread rates, convective and ra-

iation heat fluxes from the flame to fuel were measured for var-

ous widths and thicknesses of the specimens. Comparison of the

ata [28] on the flame spread rate over the surface of the PMMA

pecimens with those from papers [1,5,20] for similar thickness

nd width revealed 4–5 times divergence. To reveal the causes of

uch disagreement analysis and further experiments are required.

t may be connected with the differences in the physical and

hemical structure and properties of the polymer specimens and,

herefore, in kinetic parameters of pyrolysis of the indicated speci-

ens and their influence on the flame spread rate. Current studies

nd the models for polymer combustion consider the chemical as-

ect of the combustion process insufficiently. Actually the chemical

tructure of the flame spreading over polymer materials has not

een investigated earlier. Experimental data on the concentration

rofiles of species in a polymer flame spreading over the polymer

ave not been reported. These data are of great demand for devel-

ping of a detailed model for flame spread over the polymer, con-

idering the kinetics of polymer pyrolysis and the pyrolysis prod-

cts, as well as the gas-phase reactions of the products combus-

ion. 

The goal of present research consists in continuation of the ex-

erimental study of the thermal and chemical structure of flame

uring its horizontal spread over PMMA slabs in still atmosphere.

he results obtained may be used for developing and validating a

umerical model for this process. 

. Experimental 

Four types of PMMA slabs have been investigated. Their

hysico-chemical properties and the manufacturers are shown in

able 1 . The heat of polymer gasification Q g is equal to the sum

f the heat required to heat the specimen from room temperature

o pyrolysis temperature and the pyrolysis heat H p . We determined

he heat of polymer gasification as described in [29] using the DSC

ethod. 

Polymer slabs 50 and 100 mm wide, 5 mm thick and 200 mm

ong were studied. The slabs were inserted into a thin metal frame

o prevent flame spread over the side surfaces and were placed

orizontally on an incombustible heat insulating plate 10 mm thick

see Appendix A ), which was positioned on an electronic balance.

he thermal conductivity and specific heat of the insulation board

ere, respectively, 0.15 W/m K and 950 J/(kg m K). To determine

pread rate of the flame over the slab, horizontal marks were

ade on the specimen surface with a 5 mm step. The slabs were

gnited from its edge by the flame of a propane-butane burner.

uring ignition, the upper surface of the slab was protected from

ame with an incombustible heat insulating plate, which was

emoved after the slab was ignited. The rate of the flame spread

ver the horizontal polymer surface and the mass loss of the poly-

er slab were determined from the video of the experiment. To

easure the temperature profiles in the fuel, three thermocouples

ade from Pt and Pt + 10%Rh wire 50 μm in diameter were used.

hermocouples 1 and 3 were mounted on the upper surface of

he slab at a distance of 120 and 130 mm from the frontal edge

f the slab. Thermocouple 2 was fixated on the lower surface of

he slab at a distance of 120 mm from the frontal edge of the slab.

he thermocouples were installed in a groove (0.2–0.3 mm deep)

ade on the slab surface. The thermocouple and the groove were
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Table 1 

The physico-chemical properties and the manufacturer of the specimens studied. 

Specimen Manufacturer Method of producing MW (g/mol) ρs (g/cm 

3 ) H p (J/g) Q g (J/g) 

PMMA 1 Unknown CAST 7.03 × 10 5 1.16 810 ± 80 1880 ± 180 

PMMA 2 Evonik Rohm GmbH, Germany Extruded 1.14 × 10 5 1.16 995 ± 100 1980 ± 200 

PMMA 3 Marga Cipta brand, India CAST 13.8 × 10 5 1.16 1020 ± 60 2010 ± 110 

PMMA 4 ∗ Extruded 0.71 × 10 5 1.14 1100 ± 100 2085 ± 215 

∗ Specimen 4 slabs were prepared by hot pressing of pellets PMMA (manufactured by CM-211, Chi-Mei Company, Taiwan) at 190 °C under 

the pressure of 10 atm during 1 min. H p —effective heat of pyrolysis, Q g —heat of gasification, MW—molecular weight, ρs —specific density. 

Fig. 1. A photo of thermocouple 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The experimental apparatus for studying horizontal flame spread over solid 

fuel and for measuring the temperature and species concentration profiles. 
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covered with a layer of glue, which was a 50% solution of PMMA

in dichloroethane. 

Thermocouple 4 made of Pt and Pt + 10%Rh wire 50 μm in diam-

eter was used to measure the flame temperature ( Fig. 1 ). The di-

ameter of its junction was 80 μm, and the thermocouple shoulders

made from 50 μm wire were 5.5 mm long. The shoulders of ther-

mocouple 4 were welded to the Pt and Pt + 10%Rh wires 0.2 mm in

diameter, which were placed into quartz capillaries 0.7 mm in di-

ameter inserted into a ceramic tube 3 mm in diameter and 70 mm

long. The outstanding length of the capillaries was 40 mm. Ther-

mocouple 4 was coated with SiO 2 layer 10 μm thick. It was fix-

ated on a 3D-scanning device with three stepper motors, allow-

ing the thermocouple to be moved in three coordinates in accor-

dance with the program set. The correction for radiation heat loss

for the thermocouple was estimated using the formula provided by

Kaskan [30] . For maximum measured temperature T c = 1940 K, this

correction gives 190 K. The temperature measurements were per-

formed as follows. Thermocouple 4 was placed before the flame

front at the height of 30 mm from the specimen surface and was

periodically moved at the velocity of 2 mm/s until it reached the

slab surface. The thermocouple’s contact with the slab surface was

controlled with the electronic balance. The thermocouple’s design

allowed its contact with the slab surface without deforming the

thermocouple’s shoulders. Resolution along the X -axis depended

on the spread rate of the flame front. So, the distance between the

passages of thermocouple varied from 0.7 to 1.7 mm for different

samples. As the flame front moved over the specimen surface, the

range of downward movement of the thermocouple was increased

gradually with a step of 1 mm. That was required for the thermo-

couple to reach the burning surface of the polymer as close as pos-

sible, the position of which was shifted downwards as the slab was

burnt-out. 

The temperature gradient in the gas phase near the slab sur-

face was determined from the experimentally measured tempera-

ture profiles by calculating the maximum derivative of the temper-

ature by the height over the polymer surface. The temperature gra-

dient in the beginning of the flame zone (0–12 mm from the flame

front) was found at the height of 0–2 mm from the initial polymer

surface. For the distances from 12 to 30 mm from the flame front,

the range of the heights from 0 to 1 mm from the burning surface

was required for finding the temperature gradient. At the distance

of over 30 mm from the flame front, the temperatures were found

in the range of the heights from −1 to 0 mm from the initial poly-

mer surface due to specimen burn-out. As the temperature pro-

file was measured along coordinate Y , the measurement interval
uring movement of the thermocouple along the X axis was 0.5–

 mm, at the distance of 12 mm from the flame front and 1.5 mm

t the distance exceeding 12 mm from the flame front. 

A similar technique was applied by Singh and Gollner to mea-

ure conductive and radiation heat fluxes over burning PMMA

pecimens [31,32] . 

The schematic of the setup is shown in Fig. 2 . Shown in Fig. 3

re the photos of the experiment on measurement the flame tem-

erature (right) and of microprobe sampling from PMMA flame

left). 

In measuring the temperature profiles, the signals from the

hermocouples were recorded with a 14-bit AD converter E14-

40-M. Temperatures were taken 3 times for the same experi-

ental setup to ensure repeatability. All the types of heat fluxes

heat conduction, convection and radiation) were measured only in

he steady combustion mode, i.e. the mass loss rate, the pyrolysis

ength and the flame spread rate were constant. 

Before the flame reached the back edge of the specimen, it

as extinguished to measure the contour of the pyrolysis zone,

howing dependence of the thickness of the unburnt part of

he specimen versus the distance from the flame front. For this

urpose, the extinguished specimens were cut in the middle

engthwise, as slight distortion of the flame front was observed

n the border of contact of the slab with the metal frame, and

ere photographed. The extinguished surface of the polymer was

lso photographed, and the length of the pyrolysis zone L p (the

istance from the flame front to the line of complete burnout of

he specimen) and its area were measured. In addition, the length

f the pyrolysis zone for extinguished specimens was compared

ith video measurements of this length. The line of the beginning

f the pyrolysis zone was considered as the flame front, which is

learly visible in the extinguished specimens as well as the line
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Fig. 3. Photos of the experiment on measurement the flame temperature (right) and of microprobe sampling (left) from PMMA flame. 
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Fig. 4. The time dependences of the flame spread rate u f over the surface of speci- 

men 3 and the specimens’ mass loss rate. 
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f glass transition. According to [4] the temperature of the glass

ransition is 125 ± 10 °С . 
The chemical structure of the flame was measured using a

uartz microprobe with the orifice diameter of 60 μm. The inter-

al angle of the probe’s opening at the cone base was 20 °. To pre-

ent the clog of the probe orifice by the forming soot, an electric

agnet was installed inside the probe, with a rod, at the end of

hich tungsten wire 20 μm in diameter was fixed. The rod moved

oward the probe orifice in such a way so that the wire emerged

o the length of about 1 mm and then returned to its previous po-

ition with frequency 3 Hz. A pulse generator was used to control

he magnet. 

The probe was also mounted on the 3D-scanning device, and

as samples were introduced into the ion source of Hiden HPR 60

ass-spectrometer as molecular flow and were analyzed. At the

eginning, the probe was positioned at the height of 30 mm above

he PMMA slab surface at the distance of 10 mm from the flame

ront. The probe was moved in the vertical direction at the veloc-

ty of 1 m/s until it touched the surface. After touching, the probe

eturned to the original position and was then moved horizontally

o the distance of 5 mm toward the flame front. The procedure was

epeated until the entire pyrolysis zone was covered. To increase

he accuracy of measuring the species concentration profiles, spa-

ial stabilization of the flame was carried out. For this purpose, the

MMA slab was mounted on a platform, which was moved in the

orizontal direction with a stepper motor. The platform was moved

n a direction opposite to that of the flame with the velocity equal

o the rate of flame spread over the surface. The platform started

o move after the flame spread rate reached a constant value. The

nterval for measuring the species concentrations along the coor-

inate Y was equal to approximately 0.35 mm, whereas that along

he coordinate X was 5 mm. 

It is to be mentioned that previously in [33] a special device

as described designed to stabilize flame at its spread over the

olymer surface. To suppress flame fluctuations caused by the per-

urbance of the ambient air, the experimental setup was enclosed

ith a net, with the mesh size 1 × 1 mm. The temperature and the

pecies concentration profiles were measured in the plane crossing

he middle of the specimen and perpendicular to its surface and to

he flame spread front. This allowed determining two-dimensional

emperature and species concentrations distributions in the PMMA

ame ( Fig. 3 ). 

For all the major species discovered in the PMMA flame (methyl

ethacrylate (MMA), С 2 Н4 , С 3 Н6 , O 2 , CO 2 , H 2 O), calibration tests

ere conducted, and calibration coefficients were obtained. The

rocedures of determining the mole fractions of the species has

een described earlier [34] . The concentration profiles of the

pecies were averaged by the distance from the burning surface

o the flame. The averaging was carried out in the Origin soft-

are by the adjacent-averaging method. The major error of mea-
uring species concentrations is related to reproducibility of mea-

urements. According to averaging of the measurement data ob-

ained in three tests, the relative measurement error for N 2 , O 2 ,

O 2 was not more than 10%, for MMA it was 15–20%, for H 2 O, 20%,

nd for C 2 Н4 and С 3 Н6, 20%. The time of measuring species in the

MMA flame was for N 2 , O 2 , CO 2 , C 2 H 4 , C 3 H 6 10 ms and for MMA

nd Н2 О, 50 ms. 

In order to determine the temperature gradient near the flame

ront more precisely we conducted experiments using a flame sta-

ilization system. The temperature profile near the flame front

from −5 mm to 10 mm) was measured with the interval of 1 mm

n the horizontal direction and with the interval of 0.005 mm in

he vertical direction. The thermocouple was moved to the poly-

er surface with the velocity of 0.5 mm/s. 

. Results and discussion 

.1. The flame spread rate over the surface of specimens of different 

ypes of PMMA and the specimens’ mass loss rate 

In Fig. 4 the time dependences of the flame spread rate u f over

he surface of specimen 3 and the specimens’ mass loss rate are

hown. Analysis of the data shown in Fig. 4 has indicated the sta-

ionary mode to appear at the 7th minute for the flame spread

ate, and for the mass loss rate it starts 24 min after the beginning

f the specimen’s burning, when combustion is stable. 

Table 2 shows the results of measuring the flame spread rate,

he mass loss rate U mas , the length of the pyrolysis zone L and the

ean mass pyrolysis rate W , determined for different PMMA slabs

ith varying width L w 

and thickness h . The mean mass pyrolysis
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Table 2 

The flame spread rate and the mass loss rate, the length of the pyrolysis zone and the mean mass pyrolysis rate, 

measured for the studied PMMA specimens with different width and thickness. 

Specimen L w (mm) h (mm) u f (mm/s) U mas (g/s) L (cm) ˙ m (g / s cm 

2 ) 

1 100 5 0.1 0.04 6.5 7.5 × 10 −4 

1 50 5 0.09 0.027 6.1 10 −3 

1 100 1.7 0.11 0.03 2.5 1.7 × 10 −3 

2 100 5 0.07 0.045 5.2 0.9 × 10 −3 

3 100 4.65 0.09 0.05 5.2 10 −3 

4 50 4 0.025 0.0074 1.4 10 −3 

4 100 4 0.027 0.014 1.9 7.3 × 10 −4 

Fig. 5. The time and the distance from the flame front dependences of the temper- 

ature of the upper surface (curves 1 and 3) and the lower surface (curve 2) of the 

slab of specimen 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The temperature variation in the gas phase over the burning surface of the 

specimen 3. 
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rate, equal to the mass loss rate divided by the area of the pyrolysis

zone, was calculated by the formula ˙ m = U mas / L w 

• L . The values ob-

tained were measured in the mode where stable combustion was

achieved. Variance of the flame spread rate data u f was 10%. 

It can be seen that change in the width of specimen 1 from 50

to 100 mm did not result in the change of the spread rate. At the

same time, the flame spread rate for specimens 1–3 is close to the

results obtained in [1,5,20] for plexiglass specimens and is about

3 times less than that obtained in [28] for extruded PMMA man-

ufactured by Nanchang Inter Industrial Co. Ltd. The flame spread

rate for pressed PMMA was 4 times lower than for specimens 1–3

and was more than by an order of magnitude less than for the

specimens studied in [28] . In fact, triple reduction in the thick-

ness of specimen 1 produced no effect on the flame spread rate

but resulted in 2.4 times reduction of the length of the pyroly-

sis zone and in the 1.7 times increase of the mean mass pyroly-

sis rate. It is noteworthy that the mean mass pyrolysis rate for all

the specimens 4–5 mm thick was practically equal and constituted

7.3 × 10 −4 –10 −3 g/(s cm 

2 ). 

4.2. Temperature fields at horizontal flame spread over PMMA surface

Figure 5 shows time and the distance from the flame front de-

pendences of the temperature of the upper surface (curves 1 and

3) and the lower surface (curve 2) of the slab of specimen 3 (mea-

sured by using three thermocouples). The distance between ther-

mocouples 1 and 3 was 10 mm. Comparison of curves 1 and 3

confirms the conclusion regarding the stationary character of com-

bustion during the temperature measurements in the flame. Ther-

mocouple 2, which was at the same distance from the front edge

of the slab as thermocouple 1, allowed heat penetration into the

specimen in the direction perpendicular to the slab surface to be
valuated. It can be seen from Fig. 5 that the temperature of the

MMA burning surface first reaches its maximum near the flame

ront and then slowly goes down in the central flame zone as

he specimen burns out. Figure 5 demonstrates that the investi-

ated case of combustion of a 5-mm-thick PMMA slab is related to

he half-way regime, which is intermediate between the thermally

hick and thermally thin combustion modes. 

When the thickness of the unburnt part of the fuel decreases

onsiderably, the thermocouple junction becomes exposed to the

as phase. In Fig. 5 , this moment corresponds to a dramatic rise

f temperature from 400 °С to 10 0 0–120 0 °С . Figure 6 shows the

emperature variation in the gas phase over the burning surface of

he specimen 3; the temperature profiles are recorded at different

istances X from the flame front; flame spreads from left to right.

ereinafter, the flame front corresponds to the beginning of the

uel pyrolysis zone. The distance between them is 3 mm. Axis Y

orresponds to the vertical distance from the surface of the virgin

uel. 

In the lower section of Fig. 6 , there is a photograph of the cross-

ection of the extinguished specimen after the experiment, show-

ng dependence of the thickness of the unburnt part of the spec-

men on the distance to the flame front. It can be seen that the

eight of the ‘dark zone’ over the polymer surface, in which the

ame temperature does not exceed 10 0 0 K, increases as the dis-

ance from the flame front increases, and the height of the reac-

ion zone of the flame (the flame height) increases, too. The posi-

ion of the flame leading edge coincides with the flame front edge.

rom the spatial distribution of temperature shown in Fig. 6 , it can

e seen that the flame temperature fluctuations intensify as the

eight over the fuel surface increases. The observed phenomenon

s explained by intensification of turbulence of the gas flow due to

onvective rise of the hot combustion products. Figure 7 shows de-

endences of the flame temperature on the distance from the sur-
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Fig. 7. Dependences of the flame temperature on the distance from the surface ( Y ) 

of virgin specimen 3 measured at different distances from the flame front ( Х ) and 

smoothed temperature profiles (right). Dependences of the temperature of the up- 

per surface (solid line), the lower surface (dotted line) of fuel and the thickness of 

the unburnt part of the specimen on Х (left). 
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Fig. 8. A photo of the flame of specimen 3 (width 100 mm). 

Fig. 9. The spatial distribution of temperature in the flame and in the condensed 

phase of the burning specimen PMMA 2. At the bottom of the figure there is the 

contour of the cross section of the extinguished specimen and dependences of the 

temperature of the upper surface (solid line) and the lower surface (dotted line) of 

fuel on X -direction. 
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ace ( Y ) of virgin specimen 3 measured at different distances from

he flame front ( Х ) (right). Besides, dependences of the tempera-

ure of the upper surface (solid line) and the lower surface (dotted

ine) of fuel and the thickness of the unburnt part of the specimen

n the Х -direction are shown in Fig. 7 (left). 

Figure 7 demonstrates the temperature profiles to be rather

mooth near the polymer burning surface, whereas, essential tem-

erature fluctuations take place as the distance from the specimen

urface increases. The cause of the fluctuations has been indicated

bove. In addition to the temperature profiles shown in Fig. 7 , we

ave provided smoothed temperature profiles, without tempera-

ure fluctuations caused by turbulence, which may be used by the

FD modelers to perform a meaningful comparison with simula-

ion data. The length of the pyrolysis zone was shown to be about

0 mm. As seen from the photograph of the flame of specimen 3

 Fig. 8 ), maximum flame height was about 120 mm. 

Correction for radiative heat losses of the thermocouple was es-

imated to be approximately 60–70 °С for maximum temperatures.

he data shown in Fig. 7 were used to calculate the dependence
f the temperature gradient near the burning surface on Х . The er-

or of evaluating the temperature gradients was about 15–20%. The

ata shown in Figs. 5–7 were first obtained for horizontal flame

pread over the surface of a PMMA slab 5 mm thick. Previously

here were only data [5] on the temperature fields in the gas and

ondensed phases before the flame front spreading horizontally

ver a PMMA slab 25 mm thick. It can be seen from Fig. 5 that the

as temperature at the distance of 10 mm before the flame front is

igher than the ambient temperature (25 °С ), which confirms the

mportance of the contribution of the flame radiation to the heat

ux on the polymer surface noted in [5] . Similar data on the spa-

ial distribution of temperature in the flame and in the condensed

hase of the burning specimens 1, 2 and 4 are shown in Figs. 9–

1 . At the bottoms of the figures there are the contours of the cross

ections of the extinguished specimens, as well as the temperature

rofiles of the fuel surface. For specimen 2, there is also the tem-

erature profile of the lower fuel surface (dotted line). In contrast

o specimens 1 and 3, on the burning surface of specimens 2 and

 the PMMA melt boils during combustion. Extinguishing speci-

ens 2 and 4 brought about formation of large bubbles on their

urface. In the case of specimen 1, at the distance from 0 to 35 mm

rom the flame front the thickness of the unburnt part of the speci-

en did not decrease, unlike that of the other specimens. This dif-

erence seems to be related to the formation of small bubbles in
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Fig. 10. The spatial distribution of temperature in the flame and in the condensed 

phase of the burning specimen PMMA 4. At the bottom of the figure there is the 

contour of the cross section of the extinguished specimen. 

Fig. 11. The spatial distribution of temperature in the flame and in the condensed 

phase of the burning specimen PMMA 1. At the bottom of the figure there is the 

contour of the cross section of the extinguished specimen. 

 

 

 

 

 

 

 

Fig. 12. Photos and drawings of the cross section of the extinguished specimens 2 

and 4. 

Fig. 13. The extinguished surfaces of burnt specimens 1–4 (width 100 mm). 
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the mass of the fuel. The density of the unburnt part of the spec-

imen decreased, as the distance from the flame front decreased,

too, indicating the constant mass loss rate, in accordance with the

measurement data. Photographs and drawings of the cross section

of the extinguished specimens 2 and 4 are shown in Fig. 12 . The

bubbles are shown by dashed lines. Figure 13 shows the extin-

guished surfaces of burnt specimens, the measurements of which

were used to determine the lengths of the pyrolysis zones. 
.3. The chemical structure of horizontally propagating flame over 

MMA surface 

Figures 14 and 15 show the chemical structure of horizon-

ally propagating flame over surface of PMMA specimen 3 (width

00 mm). The main identified flame components were ММА, О2 ,

О2 , Н2 О, N 2 , С 2 Н4 (ethylene), С 3 Н6 (propylene). Originally we

sed literature data on the composition of the PMMA pyrolysis and

ombustion products from [35] to identify species in the PMMA

ame. In this study, using the gas chromatography method, we

dentified a large number of species in the PMMA and MMA flames

n air counterflow, from which we chose only 12 species, the max-

mum concentration of which in different flame zones was higher

han 0.2%: MMA, CO 2 , C 3 H 8 , C 3 H 6 , O 2 , N 2 , CO, C 2 H 4 , C 2 H 2 , Н2 О,

H 4 , H 2 . By measuring the mass spectra of the calibration mix-

ures of these species with N 2 , we determined the sensitivity coef-

cients of the mass spectrometrometric setup. Using the intensities

f the characteristic mass peaks and the sensitivity coefficients de-

ermined during calibratitons, we calculated the mole fraction of

he species in the flame. Table 3 demonstrates the mass peaks, by

he intensities of which species concentrations were calculated. 

There are several coincident mass peaks in the mass spectra of

everal abovementioned species. Therefore, we measured all the

ass peaks available in the mass spectra of all the 12 species in

he PMMA flame. Using the results of the calibrations done, we

ubtracted the contributions of the species from the mass spec-

rum measured in the flame, beginning with the species with the
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Fig. 14. Two-dimensional distribution of concentrations of major species (in mole fraction) in flame of the PMMA specimen 3, 100 mm wide. 



396 O. Korobeinichev et al. / Combustion and Flame 188 (2018) 388–398 

Fig. 15. Dependences of the species mole fractions on the distance from the surface ( Y ) of specimen 3 (100 mm wide) measured for different distances from the flame front 

( Х ). 

Table 3 

Species and their characteristic mass peaks ( m / e ), by which the species were identified and their mole fractions in 

the PMMA flame were calculated. 

Species MMA CO 2 C 3 H 8 C 3 H 6 O 2 N 2 CO C 2 H 4 C 2 H 2 H 2 O CH 4 H 2 

Molecular weight 100 44 44 42 32 28 28 28 26 18 16 2 

m / e 100 44 43 42 32 14 28 27 26 18 15 2 
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largest molecular weight (MMA) up to the lowest one (CH 4 ). Af-

ter taking into account of the possible contributions to the char-

acteristic mass peaks, we used their intensities to determine the

mole fractions of respective species. This procedure of calculating

the mole fractions of species was applied to the entire region of

measurements in the flame. The results obtained showed that the

maximum fraction of such species as C 3 H 8 , CO, C 2 H 2 , CH 4 , and H 2
minor species) was less than 4% in the PMMA flame, therefore, we

id not consider them further and analyzed the concentration pro-

les of only seven major species—MMA, CO 2 , C 3 H 6 , O 2 , N 2 , C 2 H 4 ,

nd Н2 О. Figure 14 shows variation of the species mole fraction in

he gas phase over the burning specimen; the species mole fraction

s shown at various heights above fuel surface versus distances X

rom the flame front. Figure 15 shows dependences of the species
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Fig. 16. Dependences of the temperature gradient and conductive heat flux to the 

burning surface of specimen 3 (100 mm wide) on the distance from the flame front. 
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ole fractions on the distance from the surface ( Y ) of specimen 3

easured for different distances from the flame front ( Х ). Besides,

ependences of the thickness of the unburnt part of the specimen

n Х are shown. (The database in the form of a table can be found

n Appendix B .) 

The data on the chemical flame structure have been shown to

e in good agreement with those on its thermal structure. The size

f the “dark zone” of the flame, in which the temperature near the

olymer surface is minimal ( Fig. 6 ), correlates well with the size

f the oxygen-free zone, which is adjacent to the burning surface

 Figs. 14 and 15 ). 

.4. Evaluation of the conductive heat fluxes from flame to polymer 

urface 

The measured temperature profiles adjacent to the burning

urface ( Fig. 7 ) were employed to calculate the temperature gra-

ient dT / dY (where Y is the coordinate normal to the solid fuel’s

urface) and to estimate the corresponding conductive heat flux

 con from the flame zone to solid fuel. Distributions of the tem-

erature gradient and the conductive heat flux along the burning

urface from flame front are presented in Fig. 16 for the PMMA

pecimen 3. Subject to errors of temperature gradient calculation

nd uncertainty in determination of the thermal conductivity of

as, the accuracy of estimating the conductive heat flux stands

o be at the level of 25–30%. Figure 16 shows that for the PMMA

pecimen 3, the maximal conductive heat flux is observed close to

he flame front. Toward the end of the burning zone, where the

hickness of dark flame zone decreases and oxygen concentration

ncreases, as demonstrated above in Figs. 6, 7, 14 and 15 , a cer-

ain rise of the heat flux is observed, as well as the rise of the

pecimen’s surface temperature. In the pyrolysis zone, the average

onductive heat flux on the solid fuel’s surface has been shown to

e 13.2 kW/m 

2 , which is noticeably higher than that determined

n [28] for extruded PMMA produced by Nanchang Inter Industrial

o. Ltd. The average conductive heat fluxes for specimens 1, 2, and

 are 7.6, 11.6, 8.4 kW/m 

2 , respectively. 

The information on the cross-section shapes of the extinguished

pecimens ( Figs. 6, 9–11 ) can be used for interpretation of obtained

xperimental data on the flame spread rate. According to the data

n Table 2 , specimens 1–3 show rather close values of the flame

pread rate, while the flame spread rate for specimen 4 is four

imes less. It is noteworthy that measured pyrolysis mass rate ˙ m

as actually the same value for all the tested specimens. Then, the

nalysis of conductive heat fluxes Q con from flame to solid fuel
howed its average values also to be rather close for all PMMA

pecimens. 

The reasoned explanation of the different pyrolysis zone length

f specimen 4 in comparison with the other specimens requires

ore detailed experimental study. 

. Conclusion 

Comprehensive experimental study of flame propagating hori-

ontally over the surface of PMMA slabs of different physical and

hemical structure in still air has been performed. Following com-

ustion characteristics have been measured: temporal dependence

f the mass loss rates, the flame spread rates over the polymer

urface in the steady mode, the lengths of the pyrolysis zone, and

ean pyrolysis rates per unit of surface area. Also the cross-section

rofiles of extinguished specimens of different width and thick-

ess have been determined. Spatial variation of temperature in

he flame of all the specimens studied has been determined. Mi-

rothermocouples were used to measure the temperatures of the

pper surface of the slabs versus time and the distance from the

ame front. For two specimens, also the temperature profiles of

he lower surface of the slabs have been measured. Spatial temper-

ture distribution over surface of burning specimens has been de-

ermined. Dependences of flame temperature on the distance from

he burning surface of the specimens, on the slab surface tempera-

ure and on the thickness of the unburnt part of the specimens at

ifferent distances from the flame front have been established. The

ifference in the character of combustion of the investigated spec-

mens has been revealed. Boiling and formation of large bubbles

ere discovered to take place on the surface of pyrolysis and com-

ustion of two (out of the four) specimens, in contrast to the other

pecimens. We were the first to measure the chemical and ther-

al structure of horizontally spread flame over PMMA slabs using

robing mass spectrometry for a flame of condensed systems. 

Following main flame species ММА, О2 , СО2 , Н2 О, N 2 , С 2 Н4 

ethylene), С 3 Н6 (propylene) have been first identified and spatial

ariation of their mole fractions have been measured. The mea-

ured chemical structure of the flame is in good agreement with

he measured thermal flame structure. The size of the “dark zone”

f the flame, in which the temperature near the polymer surface

s minimal, correlates well with the size of the oxygen-free zone,

hich is adjacent to the burning surface. The data obtained were

sed to calculate the values of conductive heat flux from flame into

olid fuel depending on the distance from the flame front. It has

een established that the conductive heat flux is maximal in the

ame front and decreases as the specimen burns out. The data ob-

ained are valuable for understanding the mechanism of polymer

ombustion and may be used for developing and validating a nu-

erical model of flame spread over PMMA surface. 
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ppendix A. Diagram of the dimensions of the metal frame 

nd insulation board arrangement 

The thermal conductivity, specific heat and specific density of

he insulation board were, respectively, 0.15 W/m K, 950 J/(kg K)

nd 0.8 g/cm 

3 ( Fig. 17 ). 
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Fig. 17. Diagram of the dimensions of the metal frame and insulation board ar- 

rangement. 
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Appendix B. Supplementary material 

Supplementary data in the form of a table including tempera-

ture distribution in the gas and solid phase, two-dimensional dis-

tribution of concentrations profiles of major species (in mole frac-

tion) in flame of the PMMA specimen 3 can be accessed on the

publisher’s website. 

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.combustflame.2017.10.

008 . 
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