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Numerical Investigation of the Blowing Effect
on Laser Rayleigh Scattering Temperature Measurements
via a Coupled Method of Lines Formulation

Laser Rayleigh Scattering (LRS) serves as a critical non-intrusive diagnostic for boundary layer thermometry;
however, its accuracy is significantly compromised near pyrolyzing surfaces due to transient shifts in gas
composition. In Poly(methyl methacrylate) (PMMA) environments, the rapid efflux of high-molecular-weight
fuel vapor displaces the inert calibration gas, leading to a systematic bias that is frequently misinterpreted as a
physical temperature decrease. This research resolves this diagnostic ambiguity by developing a transient,
one-dimensional coupled thermo-kinetic framework. The model integrates solid-phase Arrhenius degradation
kinetics (£ = 230 kJ/mol) with gas-phase species transport equations, utilizing the Method of Lines (MOL) to
solve the resulting stiff system of partial differential equations. Quantitative results demonstrate that the dis-
placement of the helium tracer by Methyl Methacrylate (MMA) monomer increases the effective Rayleigh
scattering cross-section by a factor of 3.1. It is shown that failing to account for this compositional shift leads
to a temperature underestimation of approximately 650 K during the quasi-steady gasification phase
(TS = 593.4 K). Furthermore, the simulation confirms that the characteristic “temperature dip” observed in
raw LRS experimental data at the onset of ignition is a compositional artifact rather than a thermal phenome-
non. This work establishes a physics-based protocol for de-biasing optical measurements through dynamic
correction factors (a), providing a scalable methodology for high-fidelity thermometry in variable-
composition pyrolyzing systems.
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Introduction

Solid fuel combustion, particularly involving polymers like PMMA, is governed by the intricate cou-
pling between solid-phase pyrolysis and gas-phase transport. Accurate characterization of the thermal
boundary layer is critical for predicting flame spread; however, traditional intrusive probes suffer from ther-
mal inertia and flow disruption [1]. Consequently, non-intrusive techniques like Laser Rayleigh Scattering
(LRS) are preferred for their high temporal and spatial resolution. The fundamental validity of LRS ther-
mometry relies on the inverse proportionality between scattered light intensity (/z) and temperature (7), as-
suming a known effective scattering cross-section (omix) [2, 3]. In reacting flows, however, the rapid injec-
tion of fuel vapor—specifically Methyl Methacrylate (MMA) monomer—into the inert calibration gas (typi-
cally Helium or Air) drastically alters omix [4—6]. Since the scattering cross-section of MMA is significantly
larger than that of air or helium, failing to account for this compositional shift leads to substantial measure-
ment errors, often interpreted falsely as a temperature drop. Existing models often decouple kinetics from
species transport or rely on steady-state assumptions impractical for transient ignition studies. This research
addresses this gap by developing a transient, fully coupled thermo-kinetic model using the Method of Lines
(MOL) to predict instantaneous species profiles (X;) and quantify the systematic LRS temperature bias.

The modeling of solid fuel combustion is built upon foundational studies of polymer degradation. Pitts
& Kashiwagi (1982) [7] and Gong & Yang (2024) [8] established the essential kinetic and thermophysical
parameters for PMMA, characterizing its single-step thermal degradation into methyl methacrylate (MMA)
monomer. Building on this solid-phase understanding, recent works by Morrisset et al. (2023) [6] and
W. Hittini et al. (2024) [9] have investigated flame spread mechanisms, utilizing temperature reconstruction
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methods to highlight the experimental difficulty of resolving thermal gradients near the pyrolyzing surface
due to the intrusiveness of physical probes.

To address these measurement limitations, the field has increasingly adopted non-intrusive optical tech-
niques. B. Wu et al. (2025) [10] established the rigorous methodology for Laser Rayleigh Scattering (LRS)
in turbulent non-premixed systems, emphasizing that accurate thermometry requires accounting for species-
dependent Rayleigh cross-sections (omix). While, M. Nasf (2023) [11] & Gupta et al. (2023) [12] successfully
applied advanced laser diagnostics to study boundary layer stabilization, their work focused on flow structure
rather than resolving the transient compositional ambiguity of the fuel vapor itself. Furthermore, while
F.L. Tabares & I. Junkar (2021) [13] & Peters (2001) [14] provided the theoretical basis connecting mixture
fractions to temperature, existing numerical models often decouple solid pyrolysis from gas-phase transport.
This research bridges that gap, integrating the kinetic models of Kashiwagi with the diagnostic framework of
Pattron to quantify the specific compositional bias introduced by fuel blowing.

Materials and Methods

The physical domain consists of a finite-thickness PMMA slab coupled to a gaseous boundary layer.
The model assumes one-dimensional transport normal to the surface, constant thermophysical properties, and
single-step zero-order Arrhenius kinetics. The transport of fuel vapor (MMA) from the surface and the back-
ground species (Air and Helium) within the boundary layer is governed by the principles of convection and
diffusion. The numerical simulation of this process is essential to determine the local gas composition (X)),
which is a prerequisite for accurate Rayleigh scattering diagnostics. Figure 1 illustrates a Gas-Species
Transport Model focused on the Pyrolyzing Surface Interface of a solid fuel (PMMA), showing the coupled
mass and energy transfer between the solid and gas phases.
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Figure 1. Schematic of the one-dimensional coupled solid-gas domain illustrating the interaction
between external heat flux, solid-phase pyrolysis, and gas-phase species transport [13, 14]

Solid Phase Pyrolysis

The transient heating of the PMMA slab is governed by the heat conduction equation with an internal
heat sink representing the endothermic pyrolysis reaction [15]:
or , o'T

P, p,55=kS¥—Lgm"', (1)
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E
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where /" is the mass loss rate per unit volume, defined by the Arrhenius law: 7’ = pSAe[
energy balance at x=0 couples the phases, accounting for external flux (g",, ), radiative/convective losses,
and the latent heat of gasification (L, ). The gas phase transport for species i (Fuel Vapor, Helium tracer,
Air) is described by the transient convection-diffusion equation (2) [13, 15, 16]:
oX o’ X,
+p,v,, —=p,D,, —.
pg conv ax pg i,mix axz

is not constant but is driven by the “blowing effect” of the py-

i i

o

Crucially, the convective velocity v

Pe 2

conv

rolysis mass flux: v, =m"ow/p, .

The system is discretized spatially using central finite differences (N = 40 nodes per phase), converting
the PDEs into a stiff system of Ordinary Differential Equations (ODEs). Due to the high stiffness introduced
by the exponential Arrhenius term and distinct timescales of conduction vs. diffusion, the system is solved
using the MATLAB odel5s solver with a maximum time step of 0.001 s to capture the rapid ignition transi-
tion. Table 1 shows the kinetic properties for PMMA and Gas species.

Table 1
Thermophysical and Kinetic Properties for PMMA and Gas Species
Parameter Symbol Value Unit
Solid Phase (PMMA)
Density P, 1190 kg/m?
Thermal Conductivity k, 0.05 W/m-K
Specific Heat Chs 1420 J/kgK
Pre-exponential Factor A 2.57x107 st
Activation Energy E 230,000 J/mol
Heat of Gasification L, 1.6x10° J/kg
Gas Phase (at 300 K)
Helium Cross-section (" 0.015 Relative to Air
MMA Cross-section O viaa 4.52 Relative to Air
Binary Diffusivity D, 2.1x107 m?/s

Results and Discussion

Thermal Response & Pyrolysis Onset
The numerical model successfully captures the non-linear relationship between the external heat flux

(q..,) and the pyrolysis onset time (t,, ), adhering to the theoretical relation ¢,, o (q;xt )_2. As detailed in
Table 2, increasing the flux from 10 kW/m? to 40 kW/m? reduces the onset time from 43.7 s to 2.7 s.

Table 2
Comparative Pyrolysis Characteristics across Varying External Heat Fluxes

Heat Flux (gex), kW/m? | Pyrolysis Time (4,), s | Steady Temperature (Titeaay), K
10 437 577.7
20 10.7 587.8
30 4.7 593.4
40 2.7 597.3
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Figure 2. Transient temperature profiles at the PMMA surface and varying depths
for an external heat flux of 30 kW/m?

As illustrated in Figure 2, the simulation reveals a physically realistic thermal transition. The internal
profiles show a steep gradient from the ambient interior to a maximum at the surface. For a baseline flux of
30 kW/m?, the surface temperature (7) stabilizes at a quasi-steady value of ~593.4 K. This stabilization con-
firms the dominance of the endothermic gasification term (L, m") in the surface energy balance, acting as a

thermal “heat sink” that prevents further sensible temperature rise.

Numerical Stability and Kinetic Sensitivity
Solving the PMMA pyrolysis model presents a computational challenge due to system stiffness. The

ODEs are stiff because the Arrhenius mass loss rate, m"=p A4 exp(—E / RY;), is exponentially sensitive to

Ts. The high activation energy (£ =230 kJ/mol) acts as a “kinetic switch”. As shown in Figure 3, once the
surface reaches the pyrolysis threshold, the mass loss rate increases exponentially. The model demonstrates
that a marginal increase in Tyeady (approximately 20 K when doubling the flux from 20 to 40 kW/m?) is suffi-
cient to achieve energy equilibrium.
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Figure 3. PMMA surface temperature evolution
with respect to gex (@); 10 kW/m? (b); 20 kW/m? (c); 30 kW/m? (d) 40 kW/m?
Fuel Blowing & Species Displacement Effect
A critical outcome is the quantification of the “blowing effect” and its impact on gas composition. Dur-
ing the pre-heat phase (¢ <¢,, ), the boundary layer is dominated by the inert tracer ( X, ~1). Upon pyroly-

sis onset, the rapid efflux of MMA vapor acts as a jet, physically displacing the helium tracer.
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Figure 4. Coupled Thermal-Mass Feedback Mechanism with respect to fuel temperature and mass blowing

As seen in Figure 4, the coupling between surface temperature and mass blowing rate is nearly instanta-
neous. The influence of injection velocity (Vi) is explored in Figure 5. Higher injection velocities provide
marginal convective cooling, but their primary role is the significant dilution of the fuel mole fraction (Xr) at
the surface. In the absence of high injection velocities, Xu. drops precipitously as the high-molecular-weight
fuel vapor floods the boundary layer. This phenomenon is vital for correctly calibrating LRS diagnostics.
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Figure 5. LRS Bias Sensitivity to Species Composition

Quantification of Laser Rayleigh Scattering (LRS) Bias

The central objective was to quantify the systematic error in Rayleigh thermometry caused by this spe-
cies displacement. The effective scattering cross-section (omix) Was calculated dynamically. Because the scat-
tering cross-section of MMA is approximately 4.5 times that of air (while Helium is only 0.015 times that of
air), the flooding of fuel vapor causes a drastic shift in omix. Table 3 shows the LRS bias quantification at

30 kW/m?,

Table 3
Quantification of LRS Temperature Bias at 30 kW/m?
Time (s) Phase Actual T (K) Apparent T7zs (K) Error (AT) a (Mix Ratio)
1.0 Initial 315.0 21,000 +20,685 0.015 (Pure He)
4.7 Onset 550.0 550.0 0 1.00 (Crossover)
100.0 Steady 593.4 1,243.4 —650 0.48 (Fuel Rich)
87
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If this compositional shift is ignored, the LRS diagnostic yields an “apparent” temperature (7zrs) that
deviates significantly from the physical temperature (75). As quantified in Table 3, the LRS diagnostic un-
derestimates the steady-state temperature by 650 K. This confirms that the characteristic “temperature dip”
observed in raw LRS experimental data is a compositional artifact caused by the fuel vapor’s large cross-
section, rather than a physical cooling phenomenon.

Conclusion

This study successfully established a transient, one-dimensional coupled thermo-kinetic framework to
resolve the intrinsic compositional bias in LRS thermometry during PMMA pyrolysis. By integrating solid-
phase Arrhenius kinetics (£ =230 kJ/mol) with gas-phase species transport via the MOL, the “blowing ef-
fect” and its impact on the local scattering cross-section (omix) were quantified across incident heat fluxes of
10-40 kW/m?2. Quantitative analysis demonstrates that the rapid efflux of MMA vapor displaces the helium
tracer, causing omix to increase by a factor of approximately 3.1. The model reveals that if uncorrected, LRS
diagnostics underestimate the true thermodynamic surface temperature by as much as 650 K during the qua-
si-steady gasification phase (7s = 593.4 K). Furthermore, this research provides a definitive physical explana-
tion for the “temperature dip” frequently observed in raw LRS data at ignition onset. The simulation con-
firms this phenomenon as a compositional artifact caused by the fuel vapor’s high scattering cross-section,
not a physical thermal event. By utilizing the derived correction factors (o) researchers can now recover
high-fidelity thermal boundary layer data in variable-composition environments. This work enhances diag-
nostic accuracy for PMMA pyrolysis and provides a scalable, physics-based methodology for de-biasing op-
tical measurements in pyrolyzing solid-fuel systems.
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A. Mammuk, C. M.A. Xoccaitin, M.P. Paxman, M. Hypyizaman

ChI3bIKTap JiCiHIiH 0allIAHBICKAH TY/KBIPHIMIAMACHIH KOJAaHY
apKbLIbI J1a3epJiik PaJeli mamsbipaybl HeriziHae TeMnepaTypaHbl
eJieyre ypJey dcepiHiH CAaHAbIK 3epTTeyi

Jlazepunik Paneii mamsipays! (LRS) mekapaiblk kabaTTarsl TeMIepaTypaHbl aHBIKTAyFa apHAJFaH MaHBI3bI
WHBA3UBTI €MeC AMarHOCTHKAJBIK 9JIiC, anaiga MUpOJM3re YIIBIPAHTHIH OeTTep MaHBIHIA Ta3 KypaMbIHBIH
yakKpITIIa ©3TepicTepiHe OaillaHBICTBI OHBIH JQJIITT alTapiblkTail TeMmeHaeini. [lomuMeTnamerakpunaT
(PMMA) oprachlHIa >KOFapbl MOJIEKYJIAJIBIK Maccajbl jKaHapMail OyJapbIHBIH JKbUIIAaM OelliHyi WHEpTTi
KaJMOpIIeyIi ra3pl BIFBICTBHIPEII, KoOiHece TeMIepaTypaHblH HAKTHl TOMEHJIEY1 peTiHe KaTe TYCIHAipiIeTiH
JKYHeIiK KaTenmikke okeneni. KyMpIicTa aTanFaH AMArHOCTHKAJIBIK aHBIKCBI3ABIK Oipermemui OelcTaruoHap
GaiiiaHbICKaH TEPMOKHHETHKAIBIK MOJETb KYPY apKbUIbl jKOifblIaabsl. Mozaenb KaTTsl (ha3aHbH AppeHHyc
OofipiHIIA BIABIpay KHHETHKAchH (£ = 230 k/[x/Monp) ra3 ¢a3zachlHOarsl KOMIOHEHTTEPAl TachIMajiay
TeHaeyIepiMeH OipiKTipeli )koHe allbIHFaH KaTaH JaepOec TYBIHABUTE AU hepeHIHANIbIK TeHACYep XKyieciH
mrenry ymriH cbibikrap onicin (MOL) xonnanansl. CaHIBIK HOTIDKENEp T'eIMi TpaccepiHiH METHIIMETaKpHiaT
(MMA) MoHOMepIMEH BIFBICTBIPBUTYBI Pasiel ImamibpaybIHBIH THIMII KMMacklH 3,1 ece apTThIpaThIHBIH
kepcereni. bynm Kypam e3repiciH eckepMeyJlie KBa3HCTAllMOHapAblH rasgaHy keseHinme (7s~593,4 K)
Temrneparypanbl maMmamen 650 K-re Temen Oaranmayra okeneTiHi kepceTiimi. COHbIMEH KaTap MOCIbICY
TyTraHy OactamFaH corte LRS skcnepuMeHTTIK aepekrepinae OailKalaThlH «TEeMIIEpaTypalblk TOMEHACY
KYOBUIBICHI JKBUIYJBIK €MeC, KYpaMJIBIK OCEpHAiH HOTIDKEC] eKEHIH nonenaeiai. Byn >KYMbIC ONTHKAJIBIK
eJIeyJepAeri KYHemiKk KaTeliKTepal TUHAMHUKAIBIK TY3eTy KOd(QUIMEHTTepi apKbUIBl KOIFa apHAIFaH
(bUBMKANBIK HETI3NEeNTeH TOCUINI YCBIHAABI JKOHE KYpaMbl ©3TepMelli MHUPOJM3IIK Kyielepae >KOFapsl
TIOITIKTI TEPMOMETPHS JKYPTi3yAiH MAaCIITA0TaaThIH 9/1iICHAMACHIH KaJIbIITACTHIPA B

Kinm ce30ep: PMMA muponusi, Panell mambipaybl, KypaMIbIK KaTeliK, Ypiey acepi, ChI3BIKTap 9ici,
JKBUTYJIBIK IIEKapalibIK Kabat, CaHIbIK MOJIeNbeY, KOMIOHEHTTEP TaChIMalIbl, METHIIMETAKPHJIIAT, ONTHKAIBIK,
JIMarHOCTHKA, )KbUTYOTKI3TIIITIK, TEPMOMETPUSI

A. Mamnuk, C. M.A. Xoccaiin, M.P. Paxman, M. Hypyuszaman

YucieHHoe ucciegoBaHue d(PPeKTa NPpoayBKH
Ha U3MEpPEeHUe TeMIIepaTypbl METOA0M JIA3€PHOI0 PIJIEEBCKOI0 paccestHus
C UCIOJIb30BAHUEM CONPSKEHHON GOPMYTHMPOBKHM METOAA JIMHUMI

JlazepHoe paseerckoe paccesiaue (LRS) siBisieTcss BaXXKHBIM HEMHBA3MBHBIM TUATHOCTUYESCKAM METOIOM IS
U3MEpEeHHs TeMIIepaTypbl B IOTPaHUYHOM CJIO€; OJHAKO €ro TOYHOCTb CYLIECTBEHHO CHMDKAeTCs BONU3U MU-
POIM3YIOIIUXCS TIOBEPXHOCTEH 13-3a BpEeMEHHBIX U3MEHEHUI cocTaBa ra3a. B cpepax moauMeTuiaMeTakpuia-
ta (IIMMA) OBICTpBIi BBIXOA TapOB TOIUTMBA C BHICOKOW MOJIEKYJISIPHOW MacCO BBITECHSET HHEPTHBIN Ka-
TMOPOBOYHBIHN T'a3, YTO MPUBOAUT K CHCTEMATHIECKOH MOTPEIIHOCTH, YacTO OMHUOOYHO HHTEPIPETHPyeMOit
Kak (pu3nMUecKoe CHIKEHHE TemIepaTypsl. B maHHON paboTe 3Ta AmarHOCTHYECKas HEONPEIEIEHHOCTDH
yCTpaHseTcs myTéM pa3pabOTKH HECTAlMOHAPHOW OJHOMEPHOU COMPSHKEHHONW TEPMOKHHETHIECKOW MOJIEIH.
Monens 00beUHACT KHHETHKY pasjiokeHust TBEpmo dasel mo Appenuycy (E =230 x/[»x/Monb) ¢ ypaBHe-
HHUSMH [IEpEeHOCa KOMIIOHEHTOB B Ta30BOi (ase, ucnonb3ys merox qunaui (MOL) mist penieHus: BO3HHKArO-
el sx€cTkoi cucteMsl nuddepeHIanbHbIX YpaBHEHHI B YacTHBIX MPOW3BOAHBIX. KonnuecTBeHHbIE pe-
3yJIbTaThl IOKA3bIBAIOT, YTO BHITECHEHHE TeJINEBOT0 Tpaccepa MOHOMEpoM MeTwiMmeTakpuiaata (MMA) yse-
mU4rBaeT 3QQEKTHBHOE CEUSHUE PIICEBCKOTO paccessHus B 3,1 pasa. IlokasaHo, YTO HTHOPHPOBAHUE 3TOTO
M3MEHEHUs COCTaBa MPUBOJNUT K 3aHIDKCHUIO TeMITepaTypsl puMepHo Ha 650 K B kBasucTanuonapHoii daze
razudukarmn (7s =~ 593,4 K). Kpome Toro, MozmenupoBaHue MOATBEPXKAACT, YTO XapaKTEPHOE «IIPOBAIIMBA-
HHE TEeMIIepaTypb», HAOMOAaeMOe B UCXOAHBIX 3KCIEPUMEHTANBHBIX JaHHBIX LRS B MomeHT Hawama BoC-
TUTAMEHEHUS, SIBJSIETCS CIIEACTBHEM H3MCHEHHS COCTaBa, a HE PeajbHBIM TEIUTOBBIM dddekrom. anHas pa-
6ota GopmupyeT pu3nIecKr 000CHOBAHHBII MOJX0/] K YCTPAHEHHUIO CMEIICHUSI B ONTHYSCKUX U3MEPEHUSIX C
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HCHOJIb30BAHUEM JTMHAMHYECKHUX IONPAaBOYHBIX KOd((UIMEHTOB, oOecrieynBas MacliTabUpyeMylo METO0-
JIOTUIO JUIsl BRICOKOTOYHON TEPMOMETPHHU B MTUPONU3YIOIINXCSA CUCTEMAX C MEPEMEHHBIM COCTABOM.

Kniouesvie cnosa: mmpormnz IIMMA, poaneeBckoe paccesiHUE, KOMITO3MLHOHHAs MOTPEIIHOCTh, ekt
OPOMYBKHM, METOJ JMHUI, TEIUIOBOM IOrpaHUYHBIM CIIOH, YHCICHHOE MOJECIUPOBAHUE, IIEPEHOC
KOMIIOHEHTOB, METHIMETaKpUIIAT, ONTHYECKAask AUArHOCTHKA, TEIUIONPOBOJHOCTD, TEPMOMETPUSL
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