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Phosphor thermometry on a rotating flame holder for combustion 
applications

Pradip Xavier1,2  · Laurent Selle1 · Gorkem Oztarlik1 · Thierry Poinsot1

Abstract

This study presents a method to measure wall temperatures of a rotating flame holder, which could be used as a combus-

tion control device. Laser-induced phosphorescence is found to be a reliable technique to gather such experimental data. 

The paper first investigates how the coating (thickness, emissivity and lifetime) influence the flame stabilization. While the 

low thermal conductivity of the coating is estimated to induce a temperature difference of only 0.08–0.4 K, the emissivity 

increases by 40% . Nevertheless, the transient and steady-state flame locations are not affected. Second, because temperature 

measurements on the rotating cylinder are likely to fail due the long phosphor lifetimes, we modify the classical point-wise 

arrangement. We propose to illuminate a larger area, and to correct the signal with a distortion function that accounts for 

the displacement of the target. An analytical distortion function is derived and compared to measured ones. It shows that the 

range of measurements is limited by the signal extinction and the rapid distortion function decay. A diagram summarizes 

the range of operating conditions where measurements are valid. Finally, these experimental data are used to validate direct 

numerical simulations. Cylinder temperature variations within the precision of these measurements are shown not to influ-

ence the flame location, but larger deviations highlight different trends for the two asymmetric flame branches.

1 Introduction

Performances and durability of combustion systems have 

been tremendously improved since Whittle’s first turbojet, 

and regulations for pollutant emissions, noise and fuel con-

sumption are driving future optimization and technological 

developments (Wulff and Hourmouziadis 1997; Lawrence 

2009). Thermal efficiency improvement is crucial but lim-

ited by the thermal resilience of nozzle guide vanes used in 

gas turbines (Lefebvre 1999; Facchini et al. 2004; Duchaine 

et al. 2009; Berger et al. 2016). Moreover, the compact-

ness of future systems is likely to enhance material stresses 

(Dreizler and Bohm 2015). The development of new materi-

als that can withstand higher temperatures, raises the need 

to better understand their behavior in a combustion envi-

ronment (Padture et al. 2002; Hooker and Doorbar 2000). 

Among others, flame–wall interactions and subsequent heat 

transfer in a combustor need to be carefully addressed as 

they can influence pollutant formation (Popp and Baum 

1997; Mann et al. 2014; Jainski et al. 2017), flammabil-

ity limits (Lakshmisha et al. 1991; Lamouroux et al. 2014; 

Xavier et al. 2017), flame stability (Guiberti et al. 2015; 

Mercier et al. 2016; Berger et al. 2016) or combustion insta-

bilities (Tay-Wo-Chong 2013; Mejia et al. 2015; Kraus et al. 

2017).

Wall temperature measurements in combustion systems 

are therefore mandatory but remain challenging due to the 

high-temperature and corrosive environment (Dreizler and 

Bohm 2015). Classical thermometry techniques suffer from 

several drawbacks. Thermocouples are intrusive and have 

their own thermal inertia, infrared thermometry (IR) relies 

on the knowledge of the material emissivity and the sig-

nal suffers from interferences with light emission from the 

flame (chemiluminescence). Thermal paints only provide 
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mean or peak information (Lempereur et al. 2008). Phos-

phor thermometry has appeared to be an interesting trade-off 

for these applications. Being semi-invasive as it requires to 

add a thin coating of phosphor particles, this technique—

often named laser-induced phosphorescence (LIP)—uses 

rare-earth-doped ceramic phosphors whose spectroscopic 

properties are highly sensitive to temperature (Allison and 

Gillies 1997; Khalid and Kontis 2008; Chambers and Clarke 

2009). In practice, this technique can be either implemented 

in the temporal domain, by measuring the phosphorescence 

glowing after excitation (Knappe et al. 2012), or in the spec-

tral domain, by estimating a ratio of intensities (Feist et al. 

2002). Fuhrmann et al. (2013) performed a systematic study 

of these two approaches and showed the advantages of the 

lifetime method, which is used in this study.

Despite the numerous applications of this technique to 

combustion (Kashdan and Bruneaux 2011; Alden et al. 

2011; Brubach et al. 2013), some authors have studied how 

the surrounding environment can alter the spectroscopic 

properties of these particles. As an example, Brubach et al. 

(2013) investigated the influence of the dopant concentra-

tions, laser energy, surrounding gas composition and pres-

sure rise on a thermographic phosphor. However, to the 

authors’ knowledge, the influence of this coating on flame 

stabilization has received little attention. For example, the 

coating is likely to change the material emissivity, the radia-

tive heat transfer, the flame stabilization, and could even 

alter its stability (Miguel-Brebion et al. 2016; Kraus et al. 

2017). This aspect will be treated in the first part of this 

paper.

Recently, Mejia et al. (2017) highlighted the possibility 

to perform active control of thermoacoustic instabilities of 

a flame stabilized on a rotating cylindrical flame holder. 

Xavier et al. (2017) numerically showed that the correspond-

ing heat fluxes were more than three times larger, in com-

parison to classical flame–wall interaction cases (Poinsot 

and Veynante 2011; Ezekoye et al. 1992; Lu et al. 1990). The 

lack of detailed measurements in Mejia’s experiment was the 

motivation for the implementation of LIP on this configura-

tion. However, the rotating flame holder raises some ques-

tions on the data analysis: the classical point-wise laser exci-

tation is likely to fail if the displacement of the moving target 

during the phosphorescence decay is larger than the typical 

size of the illuminated area. Several studies on moving sur-

faces have been reported, and the classical strategy consists 

in using phosphors with fast decay lifetimes (Mannick et al. 

1987; Allison et al. 1988; Tobin et al. 1990; Alden et al. 

2011). Thus, the object can be considered as a quasi-static 

object during the collection process. However, because this 

solution requires specific phosphors with adequate hardware, 

the authors want to evaluate the capabilities of a phosphor 

with longer decay lifetimes, by slightly modifying the point-

wise static arrangement (second part of the paper).

The aim of this study is twofold: (1) evaluate the influ-

ence of the coating on the flame stabilization, and (2) pro-

vide a simple methodology for measuring temperatures on 

fast rotating parts with a phosphor having long decay life-

times. Derived from the classical point-wise LIP arrange-

ment, the methodology is implemented on the canonical case 

of a flame stabilized on a rotating cylindrical flame holder 

(Mejia et al. 2017).

The paper is organized as follows: the combustion test 

bench is briefly introduced in Sect. 2 while LIP implemen-

tation and validation are discussed in Sect. 3. Finally, the 

methodology for measuring temperatures on the rotating 

flame holder is described and validated in Sect. 4.

2  Setup and diagnostics

2.1  Combustion chamber

This study is performed on a confined laminar premixed 

methane/air flame, stabilized in the wake of a cylindrical 

flame holder. The setup, which is the same as that of Xavier 

et al. (2017), consists of a constant-section channel with 

a rectangular cross section: height, h = 37 mm and depth, 

l = 94 mm (cf. Fig. 1). The flame holder is a stainless-steel 

cylinder of diameter, d = 8 mm , which can be rotated at a 

constant angular velocity, � , by a brushless electric engine 

(Faulhaber 2232S024BX4).The front side of the burner is 

equipped with a quartz window to allow direct flame visuali-

zation and the lateral walls are fitted with two optical slits for 

the passage of a laser sheet (not shown). The lateral walls are 

also water-cooled, which helps reducing the thermal inertia 

of the setup and allows a precise specification of boundary 

conditions for numerical simulations.

The bulk velocity and the equivalence ratio of the mixture 

are u
b
= 1.07 m/s and � = 0.7 , respectively. The Reynolds 

number, based on the cylinder diameter and the bulk veloc-

ity is Re = 580 . In this regime, the reacting flow is steady. 
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Fig. 1  Longitudinal cut through the combustion chamber (front view) 

and definition of the control parameters



The control parameter of this experiment is the normalized 

rotation rate, � , defined as

The cylinder rotation speed ranges from 380 to 7600 rpm 

(rotation per minutes), corresponding to values of � between 

0.15 and 3.

2.2  Laser-induced phosphorescence (LIP)

One objective of this study is to measure the temperature 

of the flame holder when it is rotating, via laser-induced 

phosphorescence. One issue with the classical point-wise 

laser excitation is that it is likely to fail if the phosphores-

cence decay time is much larger than the time the sensor 

views the illuminated spot. For instance, a rotating cylin-

der with � = 2 (i.e., 5100 rpm) at room temperature has a 

displacement of ≈ 7 mm while the phosphor decays. This 

is definitely larger than the sensor field of view, which 

will experience a rapid signal extinction. Instead of using 

fast decay lifetimes’ phosphor, the present setup produces 

a laser sheet rather than a point-wise excitation. Besides 

the increased collected signal, this solution also extends 

the phosphorescence collection time. Figure 2 presents 

the optical bench that can be applied to both steady and 

rotating cylinders. The laser beam first goes through a con-

vergent lens ( f
1
= 1000 mm ) and is expanded through an 

additional cylindrical diverging lens ( f
2
= −22 mm ). Its 

optical axis is normal to the flame holder’s rotation axis, 

so that the plane illuminates half of the cylinder’s perim-

eter. The phosphorescence signal is collected on a set of 

two spherical lenses (diameter 50 mm, f
3
= 500 mm ) and 

which increases the collected light on a photomultiplier 

(PM) tube (Hamamatsu H7422-50). The backward col-

lection configuration is slightly tilted from the optical axis 

(Fig. 2). Because the cylinder is in the object plane of the 

first spherical lens, the PM sees a part of the cylinder. 

(1)� = �d∕2u
b
.

The viewing area is determined experimentally by replac-

ing the pulsed laser source by a continuous diode source. 

The reflected light is collected on the PM and a mask is 

displaced in the streamwise direction until signal extinc-

tion occurs. The maximum amplitude of displacement is 

therefore converted to two angles, �− and �+ . In this study, 

�
−

= 0.5 rad and �+ = �∕2 rad, meaning that the PM sees 

the upper part of the cylinder.

Preliminary measurements using infrared thermography 

and thermocouples have shown that the temperature range 

for the steady flame holder lies between T = 500 K and 

T = 800 K for typical operating conditions. Therefore, we 

chose the commercial powder Mg4 FGeO5,6∶Mn (Osram 

SV067), which has an operating range from 300 to more 

than 900 K , corresponding to phosphor lifetimes from 3.3 ms 

to 5 μs (Brubach et al. 2008). The median diameter of the 

particles lies between 5.8 and 10.5 μm . The phosphor parti-

cles are mixed with a liquid ceramic binder (Zyp Coatings, 

Inc., HPC). The phosphor mass concentration is set to 5 % 

in this study, providing signal-to-noise ratios larger than 

30 between 300 and 850 K (based on the maximum signal 

intensity and the mean background noise, see Fig. 3b). The 

resulting mixture is sprayed on the cylinder with an airbrush 

(Sotar Super Micron).

This coating is excited with the third harmonic (355 nm) 

of a Nd:YAG pulsed laser (at 10 Hz). The laser pulse energy 

is adjusted to 30 μJ per shot with a variable neutral density 

filter (Thorlabs NDC-50C-4-A). This level is in the linear 

range for the response of the coating and is low enough to 

prevent thermal damage (Atakan and Roskosch 2013; Lin-

den et al. 2009). The PM is equipped with neutral density 

filters to prevent photocathode saturation (Brubach et al. 

2008), and a set of colored optical filters: residuals from 

the laser excitation are removed with a high-pass filter 

(CVI LPF-550). The phosphorescence signal is transmit-

ted by means of a narrow band-pass filter (CVI F10-660) at 

660 ± 10 nm . The current output from the PM goes through 

an in-house current-to-voltage converter (load resistance of 

10 kΩ ) and is recorded by a 1 MHz acquisition card.
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Fig. 2  Optical arrangement of the rotating laser-induced phosphores-

cence in the case of rotating cylinder. VNDF variable neutral density 

filter; NDF neutral density filter; CF colored filter; PMT photomulti-

plier; f
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 spherical lens (1000 mm); f
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 cylindrical lens (−22 mm); f
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3  Signal processing and validation

Measurements are performed in the temporal domain, by 

recording the phosphorescence decay after the coating has 

been excited by the laser. The collected signal is normalized 

by its maximum and a portion of the curve (between 10 and 

90 % of the maximum) is extracted to get rid of fast fluores-

cence processes after the laser excitation and background 

noise when the signal has sufficiently decayed. Thus, the 

extracted data are fitted with an exponential function:

The principle of LIP is that the decay time � depends on 

the temperature, T, of the material. A calibration procedure 

is required to establish the relation, T(�) , between the tem-

perature and the decay time. For this calibration, we use a 

stainless steel heated sample by means of two heating car-

tridges, and whose temperature is controlled by a type K 

thermocouple. The sample temperature ranges from 300 to 

850 K. For each temperature, 100 laser shots are recorded 

and the mean curve is fitted to estimate � . The number of 

required data is determined by a sensitivity analysis to sta-

tistically converge the 1st and 2nd moments of � . Prior to 

each measurement campaign, a calibration is performed on 

a newly coated sample.

The precision of the data is evaluated during the calibra-

tion procedure. For each temperature, the standard deviation 

due to shot-to-shot variations is converted to a temperature 

shift. This procedure is repeated over the entire range of tem-

perature, which results in a precision of ± 7 K . The accuracy 

is determined by a comparison with infrared thermography. 

Figure 4a shows the transverse temperature profile across 

the sample with the two measurement methods. The infra-

red thermography measurements have an averaged standard 

deviation of 0.1% (not depicted in Fig. 4a), so that the mean 

IR temperature is used as the baseline for estimating the LIP 

accuracy. The averaged discrepancy (i.e., the average error) 

of the LIP to IR measurements is ∼ 1%.

The application of the coating is delicate and it is antici-

pated that it could be be user-dependent. Therefore, a series 

of tests is conducted to validate the coating technique. These 

(2)I(t) = e
−t∕�

.

tests are conducted on a coated piece of glass so that the dis-

tribution of phosphor particles can be visualized. The piece 

of glass is coated with the same procedure as the sample 

and the quality of the deposit procedure is checked with an 

upright transmission microscope (Zeiss A1 coupled with a 

2000 × 2000 pix2 Basler ace camera). A raw visualization of 

2 by 2 mm
2 (Fig. 3a) shows that the airbrush technique pro-

duces a rather homogeneous coating. An example of a phos-

phorescence decay curve in Fig. 3b confirms the excellent 

signal-to-noise ratio with the settings described in Sect. 2.2. 

Without any specific procedure during the application, the 

airbrush technique produces a homogeneous coating while 

being inexpensive compared to more elaborated techniques 

(Brubach et al. 2013). The coating thickness is evaluated 

with a contact measurement gauge �-Logitech (precision of 

± 0.1 μm ). 40 point-wise measurements distributed over the 

sample gives an averaged thickness of 10 μm with a standard 

deviation 1 μm . The linear trend observed when applying 

several layers (i.e., a slope of 10 μm per layer) proves the 

good repeatability of the technique. The cylinder is coated 

while it is rotating at low speed, to ensure a good uniformity.

We anticipate that the coating may be altered or damaged 

by the harsh conditions of the reacting flow. to reproduce 

typical experimental conditions, several cycles of heating 

load are conducted: the sample is heated to 900 K during 

10 min, and this procedure is repeated ten times. Between 

each heating load, an emission spectrum is recorded on a 

spectrometer (Ocean Optics USB 2000+, wavelength range 

from 330 to 1100 nm, optical resolution of 0.3 nm). Fig-

ure 4b presents ten successive spectra which have been nor-

malized by the maximum of the first one. Both shape and 

amplitude of the spectra do not change with time so that nei-

ther spectroscopic nor signal-to-noise ratio are affected. An 

additional visual inspection confirms the excellent thermo-

mechanical resistance to heat loads. It is therefore concluded 

that this coating is adequate for repeated use under reacting 

conditions, without measurable alteration of its performance.

The stabilization of the flame is known to depend on 

the material temperature, which is driven by the conduc-

tive and radiative properties of the flame holder. Know-

ing that the low thermal conductivity of the coating ( � ≈ 

Fig. 4  a Comparison of the 

transverse temperature across 

the heated sample, between LIP 

data (square) and infrared ther-

mography (solid line). b Series 

of ten emission spectra taken at 

room temperature (300 K) and 

spaced by a heating period of 

10 min at 900 K between each 

measurement
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1–5 W/m K) can produce a temperature difference between 

the cylinder temperature, T
c
 , and the measurement, T

LIP
 , 

we use a simple resistance model to evaluate this shift, 

ΔT = �R (the heat flux � is obtained from numerical sim-

ulations (Xavier et al. 2017), and R is the thermal resist-

ance). The estimated temperature difference of 0.08–0.4 

K is much lower than the precision of the technique and is 

not expected to play a major role in the flame stabilization 

process (Sect. 4.2). We also investigate the modification 

of the emissivity by the coating. Even if the coated sur-

face is usually small, it might affect heat transfer and the 

flame location (Miguel-Brebion et al. 2016). The emis-

sivity of the calibration sample’s raw surface is compared 

to a coated one. The emissivity at a given temperature is,

where L is the luminescence of the surface (either raw or 

coated), L
0
 is the luminescence of a black body (DCN 1000 

N4, NHG), and L
e
 is the luminescence reflected from the 

environment at room temperature T
e
 . The transmission 

of air between the camera and the object is neglected as 

measurements are performed with a 14-bit infrared camera 

(Jade MWIR, CEDIP) operating with a spectral range of 

3.6–5.2 μm , which corresponds to a high air transmittance 

window. The integration time is set to 20 μs to prevent sensor 

saturation at high temperatures.

Results are given in Table 1, where �
p
 and �

c
 are the 

emissivities of the raw and coated surface, respectively. 

The coated surface has an emissivity ∼ 40% larger than the 

raw one: the coating application increases the wall rough-

ness, which could be the main reason for the increased 

emissivity (not discussed here).

Because of the significant increase in � , an a poste-

riori study is conducted: the influence of the coating on 

the flame anchoring location is conducted by temporally 

tracking the flame root location (FRL) of both branches. 

First, an uncoated cylinder is used as the reference for the 

FRL. Then, the cylinder is fully coated with the phosphor 

thereby varying the number of coating layers (from one 

to four layers). The flame is imaged on a Image Intense 

camera (LaVision), equipped with a f / 16 182 mm telecen-

tric lens (TC4M64, Opto-engineering) to better resolve 

the vicinity of the cylinder. A colored optical filter, cen-

tered at 430 ± 10 nm , is placed in front of the sensor to 

(3)�(T) =
L(T) − Le(Te)

L0(T) − Le(Te)
,

collect the spontaneous CH* emission. Figure 5 presents 

the FRL (average of the two branches) during the tran-

sient heating. CH* chemiluminescence images are col-

lected and the exact FRL is detected with a crest detector. 

After 400 s, the FRL has reached a steady state position. 

A slight difference is observed between the uncoated and 

the coated cylinder. The FRL of the coated cylinder is 

shifted downstream by approximately 0.35�
0

L
(�0

L
 is the pla-

nar unstretched adiabatic flame thickness), in comparison 

to the uncoated one. Modifications of the aerodynam-

ics around the cylinder induced by the roughness of the 

coating and alteration of radiative properties would play 

a combined role to displace the steady-state flame stabi-

lization. Moreover, increasing the number of layers does 

not change the FRL obtained for one layer. We therefore 

conclude the coating used in this study—especially the 

emissivity modification—is not significantly affecting the 

transient and steady flame stabilizations.

4  Results

In Sect. 3, the LIP technique was calibrated on a non-rotating 

cylinder and it was checked that the coating did not affect the 

flame. In this section, the methodology for LIP measurement 

on the rotating cylinder is presented. As explained in Sect. 2.2, 

half of the perimeter is illuminated by the laser sheet and phos-

phorescence viewed by the photomultiplier is collected. Con-

sequently, this setup measures the average temperature on the 

cylinder’s surface. However, as the Biot number is 0.01, no 

temperature gradients are expected in the cylinder. Moreover, 

when the cylinder is rotating with � > 0.2 , the thermal time 

scale �
s
= d

2∕D (D is the thermal diffusivity) is 6 s, which 

is 50 times larger than the rotation time scale �
r
= �d∕�u

b
 

Table 1  Emissivity of a 

polished stainless steel �
p
 and 

a phosphor coating �
c
 when 

varying temperature

T (K) �
p

�
c

473 0.27 0.38

523 0.26 0.38

573 0.25 0.39
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Fig. 5  Evolution of the flame root with time without rotation, for an 

uncoated cylinder (gray rectangles) and a coated cylinder (several lay-

ers)



(one cylinder revolution). Thus, the temperature uniformity is 

enhanced by rotation.

4.1  Distortion function determination

Figure 6 shows typical phosphorescence signals recorded 

at ambient temperature (i.e., without flame) and for differ-

ent rotation rates, � . For � = 0 , the signal exhibits an expo-

nential decay. However, when � increases, the decay rate 

is smaller than without rotation because a portion of the 

illuminated area moves out of the PM field of view (i.e., 

signal extinction). This leads to a systematic error in the 

evaluation of the temperature because the LIP relies on the 

knowledge of a calibration curve T(�) obtained without rota-

tion. At high rotation rates ( � > 2 ), the cylinder performs a 

full revolution during the phosphorescence decay so that the 

PM signal goes to zero (when the cylinder has performed 

half of a revolution) and presents a secondary peak when the 

illuminated area has done a full revolution. It is therefore 

obvious that when LIP is performed on the rotating cylinder, 

a correction factor must be applied to the PM signal. We 

now propose an analytical evaluation of the distortion func-

tion, �(t, �) , that relates the phosphorescence signal when 

the cylinder is moving, I(t, �) , to the one without rotation, 

I(t, � = 0) = I0(t).

Figure 7a represents the portion of the cylinder that is 

illuminated by the laser sheet. As the diverging lens is 2 m 

away from the cylinder, the laser fluence I
L
 , received on the 

cylinder surface is assumed to be uniform between −�∕2 

and �∕2.Consider a portion dl of the cylinder’s surface, at 

an angle � from the direction of the laser axis. The intensity 

received from the laser d I
R
 is

(4)dI
R
= I

L
cos(�)dl.

Because the LIP is operated in the linear regime, the phos-

phorescence emission d I
E
 is proportional to the intensity 

received

where � accounts for linearity between d I
R
 and d I

E
 . Because 

the PM is almost aligned with the optical axis of the laser, it 

collects the phosphorescence with an angle � − �t (Fig. 7b). 

The term �t accounts for the cylinder rotation. A Lambertian 

pattern (i.e., the off-normal emitted radiance follows a cosine 

law) is considered for the phosphorescence scattering, based 

on Allison and Gillies (1997) and Lee et al. (2007). Combin-

ing Eqs. (4) and (5) gives

Since d I
E
 is an amount of light, negative values must be 

discarded. This is performed with a sliding Heaviside step 

function H(�),

The signal collected on the PM is the integral of d I
E
 over the 

field of view of the sensor (cf. Fig. 2):

where �+ and �− represent the maximum angles of the 

PM’s field of view. Using the cylindrical coordinates (i.e., 

dl = rd� ) yields,

Using Eq. (9), it is possible to define the distortion function 

�(t, �) , which is the ratio of the signal with rotation, I(t, �) , 

and the one without rotation I(t, � = 0) = I0(t),

(5)dIE = �IL cos(�)e−t∕�dl,

(6)dI
E
= �I

L
cos(� − �t) cos(�)e−t∕�

dl.

(7)dI
E
= �I

L
e
−t∕�

cos(� − �t) cos(�)H(� + �∕2 − �t)dl.

(8)I(t, �) = ∫
�
+

�−

dIE,

(9)

I(t, �) = r�ILe−t∕� ∫
�+

�−
cos(� − �t) cos(�)H(� + �∕2 − �t)d�.
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Fig. 6  Evolution of phosphorescence raw signals for different rotation 

rates � , without combustion, i.e., at room temperature T
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= 300 K . 
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Fig. 7  Schematic representation of the modified LIP setup. a Defini-

tion of the different parameters. b Advection of the azimuthal inten-

sity I
R
 received from the laser



Equation (10) shows that the distortion function, �(t, �) , only 

depends on the PM’s field of view and the cylinder’s rotation 

rate.1 Equation (10) can be numerically integrated so that a 

phosphorescence signal recorded on the rotating cylinder 

can be corrected for the rotation via the distortion function. 

Figure 8a shows the theoretical distortion functions for dif-

ferent rotation rates � . Obviously, the non-rotating case leads 

to a unit distortion function. When rotation is imposed, a 

slight overshoot above unity occurs before the function drops 

to zero: because the PM sees the upper part of the cylinder 

(positive � ), it records, with a delay, the maximum phos-

phorescence emitted at � = 0 . As the rotation rate increases, 

�(t, �) drops more rapidly, confirming the signal extinction 

due to the rotation. The theoretical distortion function that 

is determined in the previous section can be validated by 

directly measuring the ratio of phosphorescence signals 

I(t, �)∕I0(t) . However, this test needs to be done at the same 

temperature. In our experiment, the ambient condition at 

T
c
= 300 K is the only one that ensures a constant cylin-

der temperature. Indeed, as shown by Xavier et al. (2017), 

the steady-state temperature of the cylinder under reacting 

conditions depends on the rotation rate. The comparison 

between theory and experiments in Fig. 8b shows an excel-

lent agreement for � = 0.5 . However, discrepancies occur for 

larger rotation rates, which are not fully understood.

As the rotation increases, the time the PM sees the illu-

minated area �
c
= (�∕2 + �

+)r∕�u
b
 is shortened. If the 

(10)

�(t, �) =
I(t, �)

I0(t)
=

∫ �+

�−
cos(� − �t) cos(�)H(� + �∕2 − �t)d�

∫ �+

�−
cos2(�)d�

.

phosphorescence decay is longer than the PM collection 

time (i.e., rotation timescale �
c
 ), it will clearly induce a 

bias, by reducing the fitting window (Tobin et al. 1990). 

Thus, one must ensure that the phosphorescence decay 

time �
P
= ln(10)� ( � being the phosphorescence lifetime) 

is much smaller than the rotation timescale �
c
 to prevent 

any information losses. Similarly, the correction we propose 

induces a post-processing bias as the recorded signal I(t, � ) 

is divided by the efficiency function � which tends to zero. 

With the intent to define the validity range of the correction 

procedure, we arbitrarily define �
�
 as the time at which the 

distortion function reaches half of its initial value. Conse-

quently, we propose the following criteria under which the 

LIP measurements on moving objects are valid:

Figure 9 represents the timescales of Eq. (11) as a func-

tion of the rotation rate � . Several phosphorescence decay 

times �
P
 and their respective temperatures are highlighted 

(dashed horizontal lines). The criterion on the efficiency 

function �
�
 is more restrictive than the rotation timescale 

�
�
 . Therefore, the shaded area depicts the valid zone of 

measurements, where �
P
< �� . The higher the rotation rate 

is, the higher the temperature of the surface needs to be to 

perform this type of measurements. The evolution of the 

cylinder temperature T
c
 is superimposed (black thick lines 

with square markers) and shows that the data of the present 

experiment lie within the valid range.

(11)
�

P
< ��

�
P
< �

c
.
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Fig. 8  a Theoretical efficiency function �(t, �) from Eq. (10) for dif-

ferent � . b Evaluation of efficiency functions � from theory (Eq. (10)) 

and experiments ( I(t, �)∕I(t, � = 0) ), taken for several rotation rates �
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Fig. 9  Map showing the evolution of several timescales with rotation 

( �
c
: cylinder rotation, �

�
 : efficiency function, dotted lines: LIP). The 

shaded area corresponds to the range where LIP can be applied on 

rotating cylinders using Eq. (9)

1 This method can be derived with a point-wise arrangement: 

the distortion function, �(t, �) , is determined with Eq.  (6) to be 

�(t, �) = cos(�
i
− �t)H(�

i
+ �∕2 − �t)∕ cos(�

i
) , where �

i
 is the posi-

tion of excitation. However, this strategy reduces the signal on the 

PM as well as phosphorescence collection time, i.e., decreasing from 

( �∕2 + �
+)r∕�u

b
 to ( �+ − �

−)r∕�u
b
 if the excitation point is near �− 

(see Fig. 2).



4.2  Validation of the temperature lumped model 
in numerical simulations

In contrast with previous numerical investigations, where 

adiabatic, coupled or lumped-adaptive conditions were 

implemented (Mejia et al. 2017, 2018; Xavier et al. 2017), 

the experimental value of the cylinder temperature is used 

as the boundary condition, to validate direct numerical 

simulations (DNS). Figure 10 shows the excellent agree-

ment between experimental flame visualization (CH* 

chemiluminescence) and DNS (iso-contour of the heat 

release rate), for difference rotation rates � . This proves 

that the assumption of a uniform temperature is valid in 

terms of flame stabilization.

The sensitivity of the cylinder temperature on the flame 

root location (FRL) is evaluated by performing several DNS 

with a temperature shift, ΔT  , ranging from −40 to 40 K 

(Fig. 11). The axial and radial FRL (z and y) are extracted 

with a crest detector on the heat release rate (set to 20% of 

the maximum). The spatial locations for each branch are 

normalized by the reference case (Fig. 10a) to give a devia-

tion � = 100(x
i
− x

ref

i
)∕x

ref

i
 ( x

i
 = z or y). The shaded area in 

Fig. 11 also shows the LIP precision of the present tech-

nique (i.e., ± 7K ). A temperature deviation smaller than the 

LIP precision produces a FRL shift less than 3% for both 

branches. However, different trends occur when this shift is 

higher: the lower branch (Fig. 11a) is more sensitive to the 

cylinder temperature whereas the upper branch (Fig. 11b) 

is not affected. Indeed, as the FRL of the lower branch is 

Fig. 10  Comparison between 

experiments (CH* chemilu-

minescence field) and DNS 

with isothermal boundary 

conditions (black iso-contours 

of 20% of the maximum 

heat release rate), for differ-

ent rotation rates : a � = 0.5 , 

b � = 1.0, � � = 1.5,� � = 2.0 . 

The cylinder is fully coated with 

one layer
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of the flame root location 

while varying the cylinder 
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� = 0.5 . ΔT = T
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c
− T

c
 and 

� = 100(x
i
− x

ref

i
)∕x
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i
 ( x

i
 = z or 

y). Reference temperature and 

location are the ones obtained 

from Fig. 10a. a Lower branch. 

b Upper branch. The shaded 

area corresponds to the LIP 

precision
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close to the cylinder, its reactivity is enhanced by the fresh 

gases that are pre-heated by the cylinder. In contrast, the 

upper branch is much more sensitive to the cylinder rota-

tion, as depicted in Fig. 10. Therefore, in our case, a wrong 

estimation of the cylinder temperature could mainly lead to 

a change the location of the lower branch.

5  Conclusion

The accurate experimental determination of wall temper-

atures is crucial for the validation of numerical tools and 

the improvement of future combustion systems. The pre-

sent work discusses the use of laser-induced phosphores-

cence (LIP) and shows how classical arrangements can be 

modified to measure the temperature of moving surfaces. 

Preliminary tests have been conducted to evaluate how the 

phosphorescent coating could affect the flame stabilization. 

Results show that the high temperature of the substrate does 

not alter the spectroscopic properties of phosphor particles, 

indicating that the coating can be used during several cam-

paigns. The emissivity of the coated surface is increased by 

almost 40% , mainly due to the roughness increase. How-

ever, the transient and steady flame locations are weakly 

affected, enabling non-intrusive measurements. The classi-

cal point-wise LIP arrangement has been modified to allow 

temperature measurements at the surface of a moving object. 

A larger area is illuminated and the collected signal is cor-

rected by a distortion function accounting for the displace-

ment during the phosphorescence decay. The validity of this 

correction is assessed theoretically and experimentally. The 

main constraint stems from the velocity of the object and 

the phosphorescence decay rate. Eventually, measurements 

on a rotating cylindrical flame holder are compared with 

numerical simulations, and show an excellent agreement. A 

sensitivity analysis highlights that the lower branch is sensi-

tive to the cylinder temperature, whereas the rotation rate � 

determines the location of the upper branch.
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