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Abstract

Accurate surface temperature prediction is essential for the lifetime and efficiency of a rocket engine. The new
ambition of future reusable engines requires perfect knowledge of the thermal environment encountered. In the
design phase of such systems and to improve numerical simulations, more resolved experimental data are needed.
Experiments are thus conducted by Lab. EM2C, ONERA, CNES, and ArianeGroup on the cryotechnic test bench
MASCOTTE operated by ONERA. Conditions representative of those encountered in the gas generator of a rocket
engine are investigated. Among them is the cryogenic injection of transcritical methane and oxygen at a very low
mixture ratio (0.3) and high pressure (up to 60 bar) through a single coaxial injection element. The present work
aims at characterizing the temperature of several surfaces of the combustion chamber in a series of hot fire tests
performed in the transient thermal regime and in a short period of time (∼30 s). For this purpose, dynamic
Laser Induced Phosphorescence (LIP) is implemented with the Full Spectrum Fitting method (FSF method), a
dedicated approach developed by Lab. EM2C. Single-shot measurements are performed to simultaneously track
the temperature of five surfaces at 10 Hz located near and downstream of the flame with a 30 K uncertainty. Data
indicate that the temperature peak at ignition can be recorded with LIP measurements in contrast to conventional
sensors. The analysis of gas and surface temperatures shows that convection is the predominant heat transfer mode
and drives the surface temperature. Thanks to LIP thermometry on the internal and external faces of one of the
silica windows, a 1D semi-infinite medium model is applied, showing excellent agreement with the measurements.
Fitting this model on the measurements allows the estimation of the local convection coefficient and the prediction
of the temperature at any depth inside the walls.
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1. Introduction

Facing international competition, a new genera-
tion of reusable European launchers needs to be de-
veloped. In order to select the best candidate for
their propulsion, possibly equipping both upper and
lower stages, technological demonstration activities
are performed in the frame of ESA Future Launch-
ers Preparatory Program (FLPP). Propulsion could be
provided by liquid rocket engines using liquid oxy-
gen (LOX) and methane (CH4). In-flight re-ignition,
thrust throttling, and re-usability are some of the main
objectives of these new cost-effective engines.

As thermal loads can reach up to 200 MW·m−2 on
the combustion chamber wall of a rocket engine [1],
understanding and predicting the different heat trans-
fer mode contributions is mandatory for the devel-
opment of a reusable engine. Creep prediction and
life cycle highly depend on the accuracy of wall tem-
perature prediction. Moreover, the wall temperature
can trigger transitions between different flame topolo-
gies [2]. This coupling could be retrieved by Large
Eddy Simulations (LES), by taking into account pre-
cise thermal boundary conditions directly measured
on the walls of a laboratory scale burner [3].

During the inaugural launch of the ECA version of
Ariane 5 (flight 517), a failure of the Vulcain engine
caused the loss of the mission [4]. A wrong estima-
tion of the thermal constraints on the nozzle extension
hot side led to reduced mechanical margins. Associ-
ated with other causes, this led to the critical buckling
of the nozzle extension.

The extreme thermal conditions encountered in a
rocket engine make the design work of such chambers
highly complex. More accurate and time-resolved
experimental surface temperature measurements are
needed to improve the heat transfer prediction in rep-
resentative rocket engine operating conditions: igni-
tion, thrust stabilization, and thrust throttling.

These challenges are tackled within the Lab.
EM2C / ONERA / CNES / ArianeGroup R&D
consortium through investigations conducted at the
MASCOTTE test bench [5], an experimental setup
operated by ONERA equipped with a single coax-
ial injection element and reproducing similar oper-
ating conditions as reached in rocket engines. Ad-
vanced diagnostics are implemented simultaneously
to understand the behavior of LOX/CH4 cryogenic
flames at a low mixture ratio and when propellants
are injected in either transcritical or liquid thermody-
namic states. Among them, dynamic Laser Induced
Phosphorescence (LIP) thermometry measurements
are performed for the first time on this bench.

LIP is an established optical method to measure
surface temperature [6]. A thermographic phos-
phor coating is applied on surfaces of interest. A
phosphorescence signal is emitted under laser irra-
diation which temporal and spectral properties are
temperature-dependent. These properties are used to
determine an unknown temperature through an appro-
priate calibration.

LIP has been extensively used to characterize the
surface temperature and so the heat flux in laboratory
combustors operating in steady thermal regimes [7–
9]. High-speed thermometry is required for mea-
surements in short transient thermal regimes [10, 11],
while few applications on full-scale engines are re-
ported in the literature. For example, measure-
ments were performed at the exhaust stream [12]
and directly on the outlet nozzle of a turbojet after-
burner [13] or recently inside a gas turbine combustor
at 8 bar [14].

On the MASCOTTE test bench, experiments are
performed in the transient thermal regime because
the operation duration does not exceed ∼30 s due to
the extreme conditions reached. Single-shot measure-
ments are thus required to track the unsteady evolu-
tion of temperature and the intense heat flux at the
ignition.

The so-called ”Full Spectrum Fitting method”
(FSF method) has been developed by Lab. EM2C [15]
for measurements in such harsh environments. The
FSF method consists in a new post-processing and
spectral approach of the LIP signal. Using the phos-
phor Mg3.5FGeO5:Mn, single-shot measurements
can be performed in a temperature range from 100 K
to 900 K with a unique set of experimental acquisition
parameters [15].

The present work highlights the first use of dy-
namic phosphor thermometry in rocket engine condi-
tions. The dynamic temperature of five surfaces of the
combustion chamber is tracked simultaneously during
hot fire tests thanks to the FSF method.

2. Experimental setup

2.1. MASCOTTE cryotechnic bench

Experiments are conducted in the BHP combustion
chamber on the cryotechnic test bench MASCOTTE
operated by ONERA at their Palaiseau center [5].
Figure 1 shows the main components of this mono-
injection element chamber composed of modules of
50× 50 mm2 section. Two visualization modules are
used simultaneously for optical accesses directly to
the injection exit and downstream of the flame, in a
zone of burnt gases. The first module has three op-
tical accesses with silica windows (Corning 7980) of
45 mm thickness. The fourth location, at the top, is
occupied by a blind window fitted with the H2/O2 ig-
nition torch and a pressure sensor (Kulite). Two opti-
cal accesses are available in the second visualization
module.

Methane and oxygen are injected through the injec-
tion head and a single coaxial injection element. The
oxygen is fed by a central tube (LOX post), and the
methane by an outer tube. Two versions of this injec-
tion element are used, with (WR) and without recess
(NR) of the LOX post.

The mixture ratio, MR = ṁO2/ṁCH4 , is kept con-
stant at 0.3. Oxygen and methane are injected at con-
stant temperatures of 110 K and 140 K respectively.
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Fig. 1: BHP combustion chamber, phosphor thermometry experimental setup, and locations of LIP measurements. Illustration
not at scale.

Three chamber pressures are targeted to reach both
subcritical injections (26 bar), a combination of sub-
critical O2 and transcritical CH4 injections (48 bar),
and both transcritical injections (60 bar). Changing
propellants mass flow rates and a copper converging-
diverging nozzle define these operating pressures.
The flame is ignited by the H2/O2 torch.

Six operating points are thus defined with three
targeted pressures and two injection element geome-
tries. They are designated as the combination of the
injection element geometry (WR or NR) and chamber
pressure (P26, P48, or P60).

Ungrounded sheathed thermocouples of 2 mm di-
ameter are inserted radially inside the combustion
chamber in a vertical plane at 400 mm from the in-
jection plate. Their names, type, and radial positions
are indicated in figure 1. Due to radiative transfers
between them and the combustion chamber walls, a
correction is applied to determine the real tempera-
ture of the gas phase. The procedure is detailed in the
section 3.2.2. A J-type thermocouple measures the
surface temperature in the 2nd visualization module.
It is inserted in the bottom blind window and is de-
noted ”wall thermocouple”. Blind windows material
is stainless steel 314. Signals are acquired at 100 Hz.

2.2. Phosphor thermometry

The coating is obtained by mixing
Mg3.5FGeO5:Mn phosphor powder (Phosphor
Technology, EQD25/NU1) with a commercial binder
(ZYP Coatings, HPC Binder) and water. A dilution
water volume corresponding to 10% of the binder
volume is added. This mixture is coated with an
airbrush (Aerograph Services, Utopia C05) with ten
layers. Each layer is dried at ambient air conditions
for a few minutes. The coated surfaces are finally

cured in oven at ∼480 K for 2 hours. The thickness
is estimated not to exceed 100 µm. As seen in
figure 1, two measurements are performed in the first
visualization module and three in the second module.
In the first and second modules, silica windows are
coated on the internal and external sides. The fifth
coating is applied on a blind window in the second
module. Each measurement is performed in the
middle of the windows.

The coating is exposed to hot gases and high shear
stress at elevated pressures during the hot fire tests.
Erosion happens over time during the flame ignition,
especially on the silica windows with the smoothest
surfaces. That is why a relatively thick coating was
preferred. However, no change in the phosphores-
cence signal properties has been observed.

The coated surfaces are excited at 355 nm using the
3rd harmonic of a pulsed Nd:YAG laser (Continuum,
Surelite SL II-10) triggered at 10 Hz with a 5 ns width
pulse. The laser beam is distributed to the five loca-
tions with beamsplitters leading to a 64 mJ·cm−2 flu-
ence at each measurement site, for which the illumi-
nated spot size is about 7 mm.

Telescopes are used to collect phosphorescence
signals. They are composed of two-inch achromatic
lenses (f1 = 150 mm and f2 = 100 mm, Thorlabs,
AC508-150-A, and AC508-100-A). The light is then
focused on a 200 µm multimode optical fiber (Cer-
amOptec, customed). With a 1.5 magnification, the
phosphorescence signal is collected from a 300 µm
diameter surface. All fibers are joined in a bundle
and are aligned vertically, leading to the entrance slit
of a spectrometer (Princeton Instrument, Spectra Pro
500i, f = 500 mm, grating of 150 grooves mm−1).
One ”blind” fiber is added between each ”active” fiber
to avoid cross-talking. Phosphorescence signals are
imaged at 10 Hz with the spectrometer coupled with
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Fig. 2: Phosphorescence spectra database at 64 mJ·cm−2.

an intensified CCD camera (Princeton Instrument, Pi-
Max, 512× 512 pixel2) covering a spectral range of
160 nm centered at λ = 650 nm with a resolution
of 0.3 nm·pixel−1. A 50 ns delay between the laser
pulse and the camera exposition is set to avoid any
laser contribution and prevent potential interferences
from fluorescence sources. The exposure time is set
to 30 µs. No interfering signal from the flame has
been observed. Each single-shot spectrum is cor-
rected from the dark current and smoothed with a
3-order Savitzky-Golay filter with a moving window
of 13 points.

2.3. Calibration and data evaluation

LIP calibration was carried out previously in
Lab. EM2C by building databases of phosphores-
cence spectra at each kelvin from 100 K to 900 K, and
laser fluences from 11 to 106 mJ·cm−2 at atmospheric
pressure. Figure 2 shows an example of a database
at 64 mJ·cm−2. The phosphor Mg3.5FGeO5:Mn was
chosen for its good spectral dynamics on a wide range
of temperatures. Its phosphorescence signal lifetime
is about a few milliseconds at ambient temperature
compared to a few microseconds at 900 K [8].

The Full Spectrum Fitting method (FSF method) is
applied to determine the temperature from the single-
shots acquired. A least mean square algorithm is
used to find the best agreement between each mea-
sured spectrum and one from the database. All the
databases at different laser fluences are checked with
this procedure leading to the final targeted tempera-
ture. Note that the calibration is performed at discrete
temperatures at each kelvin. There is no interpolation
between the spectra in the databases.

Compared to the established Intensity Ratio
method, this post-processing approach allows being
nearly independent of the excitation energy, which
can be lower than the calibration one in this high-
absorbing environment [15]. Moreover, perform-
ing dynamic measurements over a wide temperature
range involves four orders of magnitude in terms of
phosphorescence lifetime and a detector with fast-

Fig. 3: Top plot: chronograph of an automatic sequence at
WRP60 operating point. Bottom plot: temporal evolution of
chamber pressure, gas and wall temperatures measured by
thermocouples, and LIP measurements on the blind window.

changing settings or a high dynamic range at a given
set. Automatic routines have been imagined [8, 16]
but limit the sampling rate to a few hertz, limiting the
ability to track transient thermal regimes. Therefore,
the FSF method has been developed for these harsh
conditions and short durations (∼30 s).

The uncertainty associated with LIP measurements
results from different sources. First, the accuracy of
the thermocouple used for the calibration adds the
fabrication tolerance, ±3 K, and the static error, from
±3 K at 300 K to ±6 K at 800 K. A statistical study
performed on thousands of single-shot measurements
showed that the precision of the FSF method is±17 K
regardless of the temperature and the excitation en-
ergy [15]. Considering a moderate safety coefficient,
the uncertainty of LIP measurements in MASCOTTE
conditions is finally estimated at ±30 K.

In this work, temperatures are presented in the nor-
malized form θ, using a reference temperature Tref .

3. Results and discussion

3.1. Test sequence analysis

The chronograph of an automatic sequence at
WRP60 operating point and the evolution of temper-
atures and chamber pressure as a function of time
are shown in figure 3. The first temperature rise,
at t = 26 s, corresponds to the ignition of the pre-
mixed H2/O2 torch flame and is not identified on sur-
face measurements. However, two seconds later, an-
other temperature peak, broader and greater, is cap-
tured by phosphor thermometry. Gaseous methane
being temporarily injected through the injection ele-
ment, the mixture ratio is higher than targeted with
liquid methane for almost two seconds. Tempera-
tures then decrease as pure liquid methane is being
injected. From ignition up to t = 32 s, the pres-
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Fig. 4: Temporal evolution of normalized surface temper-
atures in the 2nd visualization module and measured by
K1 thermocouple at WRP48 operating point.

sure slowly increases with the increase of mass flow
rates. Starting at t = 32 s, when oxygen and methane
mass flow rates reach targeted values, the tempera-
ture of burnt gases (S4 thermocouple) almost reaches
a steady-state up to the extinction except for the ther-
mocouple K1, the closest to the wall, for which the
temperature increases during the whole run like for
surface measurements. It should be noted that the
BHP is an uncooled chamber that functions as a heat
sink, which explains why the wall temperature con-
tinues to increase. The extinction starts at t = 52 s,
by decreasing the oxygen mass flow rate, leading to
a lower mixture ratio and lower temperatures. Pres-
sure and temperatures finally strongly decrease with
the flame extinction and during a purge by gaseous
nitrogen to avoid any detonation or backfire. The two
pressure peaks at the beginning and end of the run
correspond to the injection of gaseous helium near sil-
ica windows to protect them from the strong heat flux
variations. These observations are identical at the two
other pressure conditions.

3.2. Heat transfer modes analysis

3.2.1. Inside the phosphor coating

Figure 3 shows that the temperature near the walls
still increases during the steady state of a hot fire test.
The BHP combustion chamber walls are thus tran-
sient systems. Temperature gradients may appear in-
side the phosphor coating: the side in contact with the
surface and the one exposed to the environment may
be at different temperatures. This may lead to errors
of up to 100 K [17, 18].

The coating thickness remains the critical parame-
ter regarding conduction transfers [18], so thin coat-
ings are preferred. The Biot and Fourier numbers are
now estimated to evaluate the importance of tempera-
ture gradients within the coating:

Bi =
he

λ
, Fo =

at

e2
, (1)

with h the convection coefficient, e the coating thick-
ness (100 µm), λ the thermal conductivity, a the ther-
mal diffusivity, and t a given time. The thermal prop-
erties of phosphor coatings are not well-documented
but may be similar to those of the binder used, which
is the main component of the coating. This binder
is composed of magnesium aluminum silicate which
conductivity is λ = 2.2 W·m−1·K−1 and diffusivity is
a = 0.014 cm2·s−1.

Evaluating the convection coefficient h is not
straightforward in these conditions so that a rough
estimation is made in the following part. In the
2nd module, thermal properties are evaluated at the
film temperature θ = 0.95 and at 60 bar, assum-
ing that methane is the main component of the burnt
gases. Reynolds and Prandtl numbers are evaluated
from the total mass flow and the hydraulic diameter
(50 mm). These values are then used to determine
the Nusselt number Nu = he/λgas from the Ditus
correlation Nu = 0.0296Re4/5Pr1/3. One then ob-
tains a first estimation of the convection coefficient
value: hest = 736 W·m−2·K−1. Finally, this gives a
Biot number of 0.033, meaning that the conduction
time inside the coating is shorter than the convection
time in the coating boundary. Besides, from Fo = 1,
t = e2/a gives a characteristic diffusion time of 7 ms,
which is smaller than the period of LIP signals ac-
quisition. The temperature can thus be considered as
homogeneous in the phosphor coating.

Note that using thick coatings in other conditions
requires assessing the penetration of the laser and the
phosphorescence generation to estimate thermal gra-
dients [19], especially when the coating is excited in
the back of the silica windows.

3.2.2. Downstream of the flame

An example of the surface temperatures in the
2nd visualization module at WRP48 operating point
is shown in figure 4. LIP measurements on the blind
window are in good agreement with the ones from
the wall thermocouple. One critical phenomenon cap-
tured by LIP measurements is the temperature peak at
t = 28 s due to a higher mixture ratio during the injec-
tion of gaseous methane. It is not well-captured and
delayed by the wall thermocouple whose response
time (∼300-500 ms) is longer. LIP measurements
may not give the proper temperature peak because of
the acquisition at 10 Hz. Still, single-shot measure-
ments allow detecting the temperature dynamics dur-
ing a hot fire test, which would not be possible with
LIP average signals. The wall thermocouple system-
atically underestimates the temperature peak after ig-
nition for all operating points.

The internal temperature of the silica window
(Mod. 2 int.) is very close to the one measured by
thermocouple K1. However, the temperature peak
measured by LIP is lower on the window and the
one measured by the thermocouple is delayed, again
due to a slower response time of a few tenths of a
second. From the thermal properties in table 1 and
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Table 1: Windows thermal properties at 298 K.
Material λ (W·m−1·K−1) a (cm2·s−1)
Silica corning 7980 1.3 0.0075
Stainless steel 314 15.0 0.038

h = hest = 736 W·m−2·K−1, one obtains Bi > 1
for both the silica and blind window. It means that
the conduction time is larger than the characteristic
time of convection and that the difference between the
body surface temperature and the fluid temperature in
its thermal boundary layer becomes negligible.

The estimated convection coefficient can be used
to correct the thermocouple values from the radia-
tive losses between them and the combustion chamber
walls. Assuming a transparent gas, the thermocouple
energy balance equation is composed of the convec-
tive transfer, the emitted and the absorbed radiations

h(Tg − T ) + εσ(T 4
w − T 4) = 0, (2)

with Tg the real gas temperature, T the temperature
given by the thermocouple (S4), ε the emissivity of
the thermocouple considered as a gray body, σ the
Stefan constant, and Tw the temperature of the sur-
rounding wall measured by LIP. Conductive transfers
inside the thermocouple are not considered due to the
high thermal conductivity of the ceramic used, typi-
cally magnesium oxide. The surface temperature of
the thermocouple is thus considered as the measuring
junction one. At WRP48 operating point, with 0.8 for
the emissivity and h = hest = 736 W·m−2·K−1,
the temperature difference is about 15 K at t = 40 s.
This confirms again the predominant effect of convec-
tion in this zone of the combustion chamber. The final
thermocouples correction is determined thanks to the
procedure described in the following paragraphs.

The thermal properties differences of silica and
stainless steel 314 can explain the different evolution
of the internal temperatures. One can make the hy-
pothesis that they can be modeled as semi-infinite me-
dia. A medium is considered semi-infinite when one
of its faces does not respond to a thermal perturba-
tion applied on the opposite face. As seen in figure 4,
there is no increase of the temperature in the exter-
nal face of the silica window. This is true for all op-
erating points. Yet, the semi-infinite medium model
only has a physical meaning when the thickness of
the medium verifies e >>

√
at. Considering a max-

imum run time of 25 s, one obtains
√
at = 4.33 mm

for the silica window and
√
at = 9.75 mm for the

blind window, below the 45 mm thickness. The hy-
pothesis of the semi-infinite medium is thus accept-
able during such a short hot fire test. Moreover, one
can assume that these media are subjected to an im-
posed and constant convection coefficient h. With z
the thickness direction, the energy balance for this un-
steady 1D system is

∂T

∂t
= a

∂2T

∂z2
. (3)

Fig. 5: Temporal evolution of the normalized internal sur-
face temperature of the silica window in the 2nd module by
LIP at WRP48 operating point. Simulation of this evolution
with the semi-infinite medium model with an estimated con-
vection coefficient (hest) and found after an iterative proce-
dure (hLIP ).

T (z = 0, t) corresponds to the internal face tempera-
ture and T (z = e, t) to the external face temperature.
The initial and boundary conditions are

T (z, t = 0) = Ti
T (∞, t) = Ti
−λ ∂T (z=0,t)

∂z
= h [T∞ − T (z = 0, t)] .

(4)

Ti is the initial temperature of the window and is
taken from LIP measurements before the beginning
of the hot fire test. T∞ is the temperature of the gas
phase imposing convection and is taken from the ther-
mocouples values (S4), corrected with the first esti-
mation of the convection coefficient hest. It is as-
sumed that the gas temperature in the 2nd visualization
module is equivalent to the one in the thermocouple
module, 50 mm downstream. t = 0 is translated at
t = 26 s on the LIP measurement time-line. With a
variable change and the use of Laplace transform, the
solution is

T−T∞
Ti−T∞

= erf
(

z
2
√
at

)
+

exp
(
hz
λ

+ ah2t
λ2

)
erfc

(
z

2
√
at

+ h
√
at
λ

)
,

(5)

with erf(x) the Gauss error function and erfc(x) =
1− erf(x) the complementary error function.

The temperature peak is not modeled, so that
temperatures can only be compared after t = 32 s.
Figure 5 shows the result at z = 0 with
the estimated value of the convection coefficient
h = hest = 736 W·m−2·K−1 applied for the silica
window at WRP48 operating point. There is a good
agreement between the measurements and the model,
thereby confirming the hypothesis of the semi-infinite
medium and a very good first estimation of the con-
vection coefficient.

Based on these observations, it is possible to de-
termine the convection coefficient by finding the best
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Fig. 6: Temporal evolution of the normalized temperatures
inside the silica window in the 2nd module with a 1 mm
step. Simulations using the semi-infinite medium model
with h = hLIP = 564 W·m−2·K−1 at WRP48 operat-
ing point.

agreement between the temperature given by the
model at z = 0 and the LIP measurements. A
straightforward least mean square algorithm is im-
plemented for this purpose. An iterative procedure
is followed. For each value of the convection trans-
fer found with the least mean square algorithm, the
temperature given by the thermocouples are corrected
thanks to equation 2 to reevaluate T∞. The best value
hLIP = 564 W·m−2·K−1 is finally obtained after four
iterations at WRP48 operating point. This final value
is used to correct the thermocouple measurements, the
temperature difference being 20 K at t = 40 s. The
simulated temperature is plotted in figure 5, show-
ing an even better agreement. The difference be-
tween the estimated value of the convection coeffi-
cient (hest = 736 W·m−2·K−1) and the one found with
LIP measurements (hLIP = 564 W·m−2·K−1) proba-
bly comes from the estimation of the Reynolds and
Prandtl numbers at an uncorrected value of the gas
temperature and from the hypothesis that methane is
the main component of the burnt gases.

The temperature determined with this model can be
considered as a moving average of the measured tem-
perature. The dispersion of LIP measurements around
this temperature comes from a combination of two
phenomena. On the one hand, one must consider the
uncertainty associated with single-shot measurements
previously estimated at±30 K. On the other hand, the
surface temperature can fluctuate in time. Convec-
tion is the predominant thermal transfer and fixes the
surface temperature, and the flow is highly turbulent.
However, the relatively slow acquisition rate of LIP
spectra (10 Hz) limits observable phenomena at 5 Hz
(Shannon’s principle). While thermocouples are ac-
quired at a higher rate (100 Hz), their longer response
time of a few hundred milliseconds limits the mea-
surement of rapid fluctuations at a few hertz (2-3 Hz)
too. In conclusion of this brief analysis, these fluc-
tuations may have a physical meaning, but it remains
challenging to interpret their amplitude.

Applying this value of the convection coefficient
with the thermal properties of the blind window gives

Fig. 7: Temporal evolution of normalized internal and ex-
ternal surface temperatures of silica windows in the 1st and
2nd modules and measured by K1 thermocouple at NRP48
operating point.

an average residual of ∼46 K, the model underesti-
mating the temperature compared to the LIP mea-
surements. The thermal properties taken for stainless
steel 314 could slightly differ from the actual ones of
the blind window due to repetitive test cycles through
the years. In contrast, silica windows were brand new
for this test campaign.

The temperature inside the silica window can fi-
nally be determined at any depth with the determined
value hLIP . It is plotted in figure 6 at WRP48 op-
erating point. The temperature hardly increases after
10 mm as expected with the model and due to the very
low diffusivity and conductivity of silica.

3.2.3. Near the flame

A comparison of the silica window temperatures
measured by LIP (internal and external faces) in the
1st and 2nd visualization modules at NRP48 operat-
ing point is highlighted in figure 7. The first differ-
ence comes from the increase of external face temper-
atures. The hypothesis of the semi-infinite medium
model is thus no longer possible in the 1st module, and
convection may not be the predominant phenomenon
that fixes the surface temperature.

For the internal surfaces, the increase of temper-
ature, and the main temperature peaks are identical.
After t = 32 s, the temperature still rises downstream
of the flame, whereas it is constant and lower near the
flame. Note that the first temperature peak at ignition
due to the torch is captured at t = 26 s. The LIP mea-
surement in the 1st module is performed in an outer
recirculation zone between the flame and the injection
plate, which may be at a low temperature because of
the injection of cryogenic propellants. In contact with
the injection plate, the recirculating gas/liquid struc-
tures in this zone may be at lower temperatures and
lower velocities than downstream of the flame in the
2nd visualization module. Indeed, a dense phase has
been observed recirculating around the conic shape
of the flame. This dense phase could originate from
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Fig. 8: Temporal evolution of mixture ratio, normalized in-
stantaneous and filtered internal surface temperatures on the
silica window in the 2nd module at NRP26 operating point.

the condensation of one or more species in the burnt
gases. It would then result in a lower convection co-
efficient in the boundary of the internal LIP measure-
ment and thus a lower surface temperature. These
hypotheses should be verified with further measure-
ments or numerical simulations.

3.2.4. During power modulation

Mass flow rates were slightly modulated for the
operating point at 26 bar and without recess to reach
different pressure levels during the same run. In the
lower limit of operation of propellants valves, it re-
sults in an increasing and fluctuating mixture ratio
around the targeted value of 0.3 as shown in figure 8.
This test case of power modulation is well-suited for
examining the ability of phosphor thermometry to
track the associated temperature fluctuations. LIP
measurements on the silica window in the 2nd mod-
ule are thus plotted with the mixture ratio (figure 8).
Most events are captured by LIP: the surface tempera-
ture increases or decreases with the mixture ratio with
a slight delay. Very short and rapid variations may not
be as well captured. As discussed before, the limita-
tion comes from the acquisition rate at 10 Hz and not
from the coating thermal equilibrium. Besides, the
mixture ratio fluctuations only represent a deviation
of less than 10% of the targeted value, but the thermal
effects are still significant and well-captured by LIP.

4. Conclusions

Laser Induced Phosphorescence and the FSF
method [15] have been used to simultaneously track
the temperature evolution of five surfaces on the cryo-
technic test bench MASCOTTE from ONERA oper-
ating in conditions representative of a gas generator.

In contrast to conventional sensors with slower re-
sponse time, single-shot LIP measurements and the
fast thermal equilibrium of the coating allowed the
clear identification of the temperature peaks in the

combustion chamber. Moreover, a classical heat
transfer analysis showed the predominant effect of
convection downstream of the flame.

From the measurements of internal and external
surfaces of the silica window, a 1D semi-infinite
medium model was applied, showing excellent pre-
diction capacity. A comparison between this model
and the measurements allowed an estimation of the
convection coefficient in good agreement with the
classical correlations used in turbulent convective
flows. The temperature at any depth inside the win-
dow could be determined from this model, which is
precious information when designing a test bench.

In the vicinity of the flame, LIP measurements
showed lower surface temperatures in a recirculating
zone. Besides, radiative transfers should play a more
significant role here as the external temperature in-
creases during hot fire tests.

Finally, dynamic phosphor thermometry showed
the ability to track small power modulations. The
acquisition rate could be increased to capture short
events within the limit of overlapping decay due to
the long lifetime of this phosphor at low temperatures.
For very high repetition rate excitation, a shorter de-
cay time phosphor should be used.
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