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A B S T R A C T

The present paper investigates a liquid film cooling process under rocket-like conditions in a pulsejet engine. The 
fuel-based coolant mixture (90 vol.% isooctane, 10 vol.% ethanol, doped with the fluorescence tracer Nil red) is 
injected under 30◦ through a 1 mm orifice onto the wall to shield it from hot exhaust gas flow (~1070 K, ~ 95 m/ 
s). The highly transient film cooling process is analyzed in two perspectives: a lateral view with 1-color laser- 
induced fluorescence (LIF) imaging provides film structural and thickness information. A top view of the film 
provides details of film temperature distribution using a two-color LIF detection scheme. The 2-color LIF tech
nique is calibrated in a separate flow cell. The investigated operating points show a highly fluctuating outlet 
behavior of the fuel stream due to the turbulent gas flow, which has a significant impact on the liquid film 
formation downstream. A higher liquid flow rate leads to a more compact, less disrupted fuel stream at the orifice 
exit with a larger effective cooling film length. Strong interaction with the impinging hot exhaust gas cross flow 
leads to formation of large ligaments at the orifice exit and frequent occurrence of ignition and combustion 
events in the jet. Additionally, the larger reaction surface leads to locally occurring diffusive combustion of the 
film further downstream for all operating points. The maximal determined liquid temperature within the 
investigated field of view is in the range of the boiling temperature of isooctane (373 K) for operating points with 
large liquid flow rate. However, superheated liquid was observed for the operating point with low liquid mass 
flow. These conditions lead to spherical widening of the liquid jet in the near nozzle regions, which could be due 
to micro-explosions (or “puffing”).
Novelty and significance statement: So far, no planar LIF measurements on liquid cooling film temperature and 
structure were conducted at high gas temperatures (≥ 1000 K) inside a combustor. The present paper provides 
detailed insights into the heat transfer mechanisms in liquid film cooling configurations at high temperature and 
gas velocity. For this purpose, an optically accessible combustion test rig was designed providing a high tem
perature, high velocity reactive gas atmosphere. Planar 2-color LIF was calibrated and applied in the combustor 
for liquid film temperature and structure measurements at very challenging combustion conditions with local 
ignition and “puffing“ (i.e. micro-explosions) or burst of the liquid film. The details of film formation, its 
thickness, temperature and breakup allow for better understanding of the film stability and its modeling.

1. Introduction

In combustion chambers of thrusters, the reaction of fuel and 
oxidizer leads to very high gas and wall temperatures, which may exceed 
3000 K. Consequently, different techniques exist to protect the wall of 
the combustion chamber such as regenerative cooling, film or transpi
ration cooling, ablation, endothermic heat sinks etc. [1]. Film cooling is 
a feasible measure to protect the walls [2], which is especially relevant 
for small rocket engines in which regenerative cooling of the combustor 

wall is not reasonable [3]. In case of liquid rocket engines, a thin liquid 
coolant film is formed by jet or spray impingement under a certain angle 
to the wall or by fuel introduction through small openings in the wall [4,
5]. The produced liquid film on the combustor chamber wall should 
cover a large area for efficient wall cooling. The convective heat transfer 
from the hot exhaust gas leads to increased liquid film temperature and 
evaporation rate as well as reduced film thickness further downstream. 
Furthermore, the film temperature and thickness are affected by the 
latent heat of the liquid and the high gas velocity of the hot gas flow. The 
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covered area of the film and the corresponding cooling effectiveness is 
controlled by the momentum ratio (or blowing ratio) of the gas flow and 
the liquid film. The fuel mass flow must be large enough to improve the 
cooling but minimal enough to improve the specific impulse. Large shear 
flow between liquid and gas leads to wavy films and changed heat 
transfer characteristics. Especially, strong evaporation of very thin 
liquid films may lead to rivulet flows and local dry out, which poten
tially can result in damages of the combustor wall.

For optimization of the film cooling, a physical understanding of the 
film formation and evaporation is required. Consequently, optical 
accessible test rigs and preferably laser-based imaging techniques are 
necessary to investigate the local heat transfer and the film quantities. 
These include the film area and structure as well as liquid temperature 
and thickness. Up to now, many film dynamics measurements were 
conducted under simplified conditions, which are not comparable to the 
realistic behavior in the combustor. Very often, water or ethanol (with 
“similar” fluid properties as the rocket propellant Monomethyl- 
hydrazine (MMH)) films are experimentally studied at relatively low 
gas and wall temperatures, i.e. below the boiling temperature of the 
liquid. Mainly integral optical techniques are applied, which do not 
provide spatially resolved information of film temperature, thickness 
and structure. For example, backlight illumination was applied [6] for 
studying Kelvin–Helmholtz and Rayleigh–Taylor instabilities in the 
water film for electrically heated gas flows at up to 440 K. Hu et al. [7] 
used the same technique for studying water film shapes as well as 
temperature profiles using thermocouples in an impinging jet configu
ration. Infrared thermography was applied by Liu et al. [8] to study wall 
temperatures at the rear surface when covered with liquid films. Initial 
wall temperatures were 313 K to 393 K and ambient air temperature was 
293 K. Fuji et al. [2] applied backlight illumination to study MMH film 
front velocity, film thickness and length inside an optically-accessible 
combustion chamber operated at fired conditions.

Brightness-based laser-induced fluorescence (LIF) was applied by Liu 
et al. [9] to study the water film formation and thickness under 
isothermal cold conditions. Soller et al. [3] point-wise measured the 
local film temperature using a two-color-two dye LIF technique. Ethanol 
fuel films were studied in an electrically heated air flow at 500 K and 600 
K at blowing ratios M ranging from 3.2 to 17.7. The conditions were 
chosen in order to avoid ignition and combustion of the cooling film.

So far, no planar LIF measurements on liquid film temperature and 
structure were conducted at much larger gas temperatures inside a 
combustor. This is part of the present paper in order to get detailed in
sights into the heat transfer mechanisms in liquid film cooling config
urations. For this purpose, an optically accessible combustion test rig 
was designed providing a high temperature, high velocity reactive gas 
atmosphere. A planar 2-color LIF technique was calibrated and applied 
in the combustor for liquid film temperature and structure measure
ments at very challenging combustion conditions with local ignition and 
“puffing“ or burst of the liquid film.

2. Experimental setup

The experimental setup for the investigation of the fuel wall film is 
shown in Fig. 1. The hot exhaust flow generated by a pulsejet engine 
(exhaust inner diameter: 43 mm), is guided smoothly with a conical 
transition of 100 mm length through the quadradic cross section of the 
optically accessible measurement section (42 mm x 42 mm, edge radius 
6.5 mm).

The setup generates gas temperatures of up to about 1070 K and 
exhaust gas velocities up to about 100 m/s in the measurement section. 
The pulse frequency is 170 Hz with a pressure amplitude of 14 kPa 
(pressure sensor model: 13B28, PCB, Germany). The operating condi
tions are monitored by pressure sensors and thermocouples. A pulsed 
Nd:YAG laser (model: Q-smart 850, Quantel, France, wavelength: 532 
nm, laser fluence 1.32 mJ/cm²) is used to volumetrically excite the dye 
Nile red in the liquid in the probe region. The laser fluence was 

simultaneously monitored by a power meter (model: UP55N-40S-H9- 
INT-D0, Gentec Electro-Optics, Canada). The probe region is illumi
nated under a 75◦ angle to enable a perpendicular signal acquisition 
with the 2c-LIF detection system. To evaluate the dye concentration and 
the respective bandpass filters, a precedent study was conducted. Here, 
the temperature dependent fluorescence signal is investigated with a 
spectroscopic setup, which is described in Ref. [10].

The film measurements are conducted with three identical sCMOS 
cameras (model: Imager, LaVision GmbH, Germany). Two cameras for 
2c-PLIF are combined in a detection system, which is equipped with a 
long-range microscope (model: Distamax K2, Infinity, USA, nominal 
pixel resolution: 96.7 pixel/mm, field of view (FoV): 26.5 mm x 22.3 
mm) to capture the volumetric fluorescence signal perpendicularly to 
the film surface. Two well selected bandpass filters (575 nm and 650 nm, 
50 nm FWHM, OD4, Edmund Optics, NY, USA) directly in front of the 
cameras enable a determination of the film temperature after calibration 
(see below). A third individual camera, which is also equipped with a 
long-range microscope (model: Distamax K2, Infinity, USA, nominal 
pixel resolution: 294.3 pixel/mm, FoV: 8.69 mm x 7.34 mm) and a 532 
nm notch filter (533 nm, 17 FWHM, Thorlabs, USA) monitors the film 
structure closer at the orifice outlet from the side at an angle of 20◦ The 
combustion pictures are taken under the same detection angle with a 
DSLR camera (camera model: EOS 5D Mark IV, Canon, Japan; objective 
model: EF 24–105 mm 1:4 L IS II USM, Canon, Japan, nominal pixel 
resolution: 13.37 pixel/mm).

2.1. Test section

The test section (see Fig. 1 bottom) features three sapphire windows 
(optical access: 98 mm x 33 mm) and one flange (stainless steel, material 
no 1.4301, glass bead blasted surface), where the film generation takes 
place. The fluorescence light reflection behavior of this wall material 

Fig. 1. Experimental setup (top) with detail view of optically accessible test 
section (bottom).
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was already investigated in [10]. The velocity of the exhaust gas in the 
center of the measurement section is determined with two pressure 
sensors (model: S20, 0.16 MPa abs, WIKA, Germany). The fuel for the 
film generation is pumped with a syringe pump (model: NE1010, New 
Era Pump Systems, Inc., USA) and exits the plate under a 30◦ angle (bore 
diameter: 1 mm, elliptical exit: 2 mm x 1 mm). The temperature of the 
injected fuel, the wall (thermocouple positioned 0.3 mm below surface) 
and the hot gas are measured with thermocouples (type K; diameter 1.5 
mm, TC-direct, Germany).

The pulsejet engine is driven by pure isooctane, which is a suitable 
substitute fuel for MMH and kerosene, while the 2c-PLIF film study is 
conducted with a mixture of 90 vol.% isooctane and 10 vol.% ethanol to 
ensure a sufficient solubility of the dye Nile red in the fuel. Here a 
concentration of 25 mg/L (78.6 µmol/L) ensures a linear fluorescence 
signal depending on the amount of dye dissolved in the liquid. The au
thors already investigated the solubility, absorption and fluorescence of 
Nile red in kerosene (Jet-A1) in an earlier study and compared it to 
model fuels including isooctane [11]. After adequate calibration, the 
technique could also be applied for Jet-A1.

Nile red has a melting point of 476 K −479 K [12], which is below the 
determined film temperatures in the present paper.

3. Results

This section is structured as follows: First the LIF signal depending on 
the temperature was calibrated spectrally and by imaging in a flow cell 
(details of the setup can be found in Ref. [10]. Afterwards, the cooling 
film formation process is investigated and the film temperature distri
bution is determined using LIF. Finally, chemiluminescence imaging in 
the visible spectral range provides information about premixed and 
non-premixed combustion in the cooling jet and film regions.

3.1. Temperature dependent calibration

The temperature of the liquid-dye mixture can be determined with 
the intensity ratio r of the two channels of the detection system CH1 and 
CH2, respectively. We determined the intensity ratios for 25 mg/L Nile 
red in E10 in a calibration flow cell using the same spectroscopic setup as 
in reference [10]. The intensity ratio r can be determined using the ratio 
of the two products of the transmission curves τ of the respective filters 
and the spectral fluorescence emissions ICh1 and ICH2: (when other effi
ciencies of the optical setup (e.g., cameras) are neglected): 

r =

∑
τFilter 575nm⋅ILIF

∑
τFilter 650nm⋅ILIF

=
ICH1

ICH2
(1) 

The normalized spectral LIF emission signals of 25 mg/L Nile red in 
the fuel mixture at 0.5 mm film thickness using a special calibration flow 
cell (experimental setup see [10]) are shown in Fig. 2 together with the 
selected bandpass filters that are applied for the temperature 
determination.

The emission signals are characterized by broad-band spectra with 
single peaks. A temperature increase shifts the fluorescence peak (293 K: 
621.7 nm and 343 K: 602.8 nm) and both flanks equally towards shorter 
wavelengths. The selected bandpass filters enable a quantitative tem
perature determination via the intensity ratio within the fuel film after 
calibration using the camera system.

The broader emission bands in comparison to theoretically available 
narrower band pass filters reduce the thermal sensitivity, but are 
indispensable for achieving a sufficient large signal-to-noise ratio under 
pulsed illumination and short camera integration times especially for 
thin liquid films [13].

3.2. LIF imaging measurements

The camera-based detection system has a different efficiency (filters, 
lenses, mirrors and quantum efficiency of the sCMOS, etc.) in 

comparison to the spectroscopic setup. Consequently, the temperature 
dependent calibration has to be repeated to ensure highest measurement 
accuracy and precision. The average intensities of a square area in the 
center of the measurement volume (351 pixels x 351 pixels) were used 
for the evaluations. The calibration function and the corresponding 
temperature sensitivity of the 2c-PLIF technique are presented in Fig. 3.

The temperature TFilm can be determined by the intensity ratio r with 
the following polynomial equation (coefficient of determination: 
R²=0.99993): 

TFilm = 187.77 + 371.69⋅r − 342.40⋅r2+129.28⋅r3 (2) 

The signal ratio monotonously rises with temperature and the 
sensitivity is always above 1.45 %/K in the studied temperature range, 
which is similar or larger than other 2c-LIF techniques based on dyes 
such as Rhodamine B in ethanol (concentration: 2.5µmol/L, 0.7 %/K, 
[14]) and pyrromethene PM597 in ethanol (concentration: 10 µmol/L, 
1.2 %/K, [15]).

3.3. Film measurements in the combustor

The cooling film formation in terms of liquid dispersion at the orifice 
exit and film temperature distribution is analyzed in the following 

Fig. 2. Normalized emission spectra of 25 mg/L Nile red dissolved in the 
isooctane ethanol mixture at 0.5 mm film thickness in the flow cell for various 
temperatures; chosen BP filters for calculation of the intensity ratio marked 
in grey.

Fig. 3. Temperature-sensitive PLIF intensity ratio and corresponding relative 
temperature sensitivity.
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section based on three different operating points (OPs). The injection 
conditions and the corresponding characteristic non-dimensional pa
rameters in terms of Reynolds and Weber number, blowing and mo
mentum ratio of the different operating points are shown in Table 1. The 
Reynolds and Weber number are calculated with the properties of pure 
isooctane. The blowing and momentum ratio with the density of E10 at 
290 K.

The hot gas velocity and gas temperature are measured just before 
the fuel injection is started. The fuel temperature is measured in the 
plenum before the channel. The locations of all temperature and pres
sure measurements are shown in Fig. 1. The Reynolds number Re = (De 

⋅Ue)/νF, the Weber number We = (ρe ⋅Ue
2
⋅ De)/σe, the blowing ratio M = (ϱe 

⋅Ue)/(ϱ∞ ⋅U∞) and the momentum flux ratio J = (ϱe ⋅Ue
2)/(ϱ∞ ⋅U∞

2 ), where 
the subscript “e” represents the jet exit conditions and “∞” the free 
stream conditions, are calculated as well. The slightly varying hot gas 
velocities are attributed to the pulsejet engine operation, which is very 
sensible regarding slightly changing ambient conditions in the lab. The 
larger liquid mass flow and consequently larger Reynolds and Weber 
number could be advantageous in forming a larger cooling film at the 
wall. However, the jet may also lift off anddisintegrate into smaller 
liquid structures at larger liquid flow rate.

The liquid jet and film structure in the orifice region (zoomed side 
view), the LIF signals and the corresponding signal-to-noise ratios 
(SNR=ISignal/INoise) of the two detection channels CH1 (575 nm) and 
CH2 (650 nm) and the determined temperature distribution in the 
measurement volume (top view) are shown for two individual single- 
shot events for the three operating points studied in Fig. 4.

The single-shot LIF signals at the orifice outlet reveal that the liquid 
jet and film structure of the exiting fuel stream strongly fluctuates with 
time due to the interaction with the turbulent, high-speed gas crossflow. 
A larger liquid flow rate leads to a denser fuel stream with higher mo
mentum (J, see Table 1), which effectively reduces the turbulent breakup 
(which are mainly induced by Kelvin-Helmholtz instabilities) of the 
liquid stream and consequently lowers the reaction surface with the hot 
gas. A decrease in liquid volume flow leads to a more disrupted fuel 
stream with ligaments and larger wrinkling of the surface due to inter
action of the pulsating, turbulent hot gas cross flow. The cooling film 
evaporation and mixing with hot ambient gas is faster, which is followed 
by ignition and combustion.

An analysis of the two detection channels CH1 and CH2 reveals that 
the film length increases with increasing volume flow. In general, the 
radial film boundaries are better visible in CH1. In the case of OP1 the 
film signal fades within the investigated field of view (top view), while 
OP2 and OP3 show a LIF signal in the whole field of view. The overall 
lower signal intensities of CH1 lead to lower spatial SNRs in comparison 
to CH2. The large signal intensities at the nozzle outlet and at locations 
slightly downstream, where still large film thicknesses are present 

(mainly for OP3), show relatively high SNRs (up to about 10). The thin 
film regions at the borders and further downstream are characterized by 
similar lower SNRs (~ 3) for all investigated OPs. The signal intensities 
of CH1 and CH2 at the edge regions and further downstream are very 
low (see Fig. 4), which indicates a small liquid film thickness in these 
specific regions. Therefore, the low SNRs may lead to locally higher 
measurement errors of the film temperature in these regions. The tem
perature determination is derived out of the two background corrected 
detection channels (background ~ 300 counts) with a threshold of 200 
counts prior the ratio formation, to reduce high measurement errors in 
the temperature field in low SNR regions (see Fig. 4). An analysis of the 
temperature distribution (bottom line) shows that the hot gas and wall 
preheat the liquid (initially at 290 K) in the fuel duct at the orifice for 
lower volume flows (OP1: 340 K, OP2: 310 K). The high-volume flow at 
OP3 (294 K) shows only a slight temperature increase in the fuel duct. 
The mixture with hot ambient gas increases the temperature of the fuel 
film with distance to the orifice downstream and towards the edge re
gions. Generally, a reduction in fuel volume flow leads to a reduction of 
the formed fuel film length and its film velocity and therefore to a 
temperature increase of the fuel itself and the wall temperature (wall 
temperature at thermocouple 2 (see Fig. 1) OP1: 395 K → OP3: 363 K). 
The liquid temperature distributions revealed that a sufficient cooling 
effect of the wall can only be achieved for OP2 and OP3, since the vol
ume flow of OP1 is too low for formation of a sufficiently large film. The 
temperature distributions in the film are analyzed in detail in the time 
averaged temperature distributions (see Fig. 5, Fig. 6). The maximal 
expected liquid temperature is in the range of the boiling temperature of 
isooctane (373 K). However, the temperature distributions show tem
peratures above 373 K at the edge regions and further downstream, 
especially for OP1. It should be noted that the fuel is auto-ignited 
downstream leading to droplet combustion, while a premixed flame is 
formed at the outlet of the test section (see Fig. 7). Measurements 
without laser illumination revealed, that the flame luminosity is not 
detected by the two detection channels due to the short integration times 
of the sCMOS cameras and sufficient bandpass filters.

The temperature distribution of the film and possible non-premixed 
film or droplet combustion within the field of view are strongly 
dependent on the structure of the exiting fuel jet and its attachment to 
the wall. The lower flow rates of OP1 and OP2 lead to larger interaction 
surfaces to the hot gas and reduces the distance downstream, from 
where partial diffusive combustion of the film takes place. Additionally, 
the top view temperature distribution shows frequently a local spherical 
widening of the films further downstream (see Fig. 4, 1.1, 1.2, 2.2 bot
tom line), which appear like “eruptions”. These structures are probably 
not generated by the turbulent flow alone, but could be due to “puffing” 
of the liquid structures, which was also reported in harsh combustion 
environments of diesel sprays and in spray flame synthesis [18,19]. This 
phenomenon will be addressed further in the subsequent paragraphs.

Fig. 5 presents the average LIF signal of the liquid dispersion in the 
orifice region (top row) and the average temperature distribution (third 
row) with the corresponding coefficients of variation (COV, second and 
fourth row, respectively) of 100 consecutively images for the investi
gated operating points. The corresponding temperature plots along the 
center lines are shown in Fig. 6.

The average LIF signals of the liquid phase in the orifice region show 
a lift of the fuel stream trajectory with increasing volume flow, see 
Fig. 5.

The COV shows lower values in the stream center (trajectory) and 
higher values at the outer regions, where the hot gas cross flow impinges 
the surface of the exiting fuel stream. The COV values at the stream core 
decrease with increasing volume flow due to a denser and less fluctu
ating disrupted fuel stream core (see also single-shot images in Fig. 4). 
The bulk areas of the fuel jet and film show a lower temperature in 
comparison to the edge areas, which was already reported for the single- 
shot images (see Fig. 4). The COV of the fuel film temperature distri
bution reveals that the temperature fluctuation increases from the center 

Table 1 
Operating conditions [16,17].

Property Unit OP1 OP2 OP3

Hot gas velocity m/s 94 98 92.3
Hot gas temperature K 1085 1070 1000
Surface temperature (location ② in 

Fig. 1)
K 395 373 363

Fuel temperature in plenum K 290 290 290
Fuel temperature at outlet K 350 314 297
Fuel surface tension at outlet σe kg/s 0.0138 0.0170 0.0186
Kinematic viscosity of fuel νF mm²/s 0.448 0.599 0.698
Fuel density at outlet ρe kg/m³ 644.75 674.52 688.74
Mass flow of fuel (cooling film) mL/ 

min
30 60 120

Exit velocity Ue m/s 0.636 1.27 2.54
Reynolds number Re - 1418.9 2120.4 3637.0
Weber number We - 18.9 64.0 238.9
Blowing ratio M - 15.2 29 61.8
Momentum flux ratio J - 0.10 0.38 1.69
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line towards the film borders and with increasing distance from the 
orifice outlet. This is caused by the increasing influence of the hot 
exhaust gas crossflow on the film formation and aerodynamic breakup.

The temperature plot along the center axis (width: 1 pixel, see Fig. 6) 
enables an evaluation of the effective cooling length of the fuel films. 
The effective cooling length describes the film length, where the 
determined film temperature is below the evaporation temperature of 
isooctane (373 K, see Fig. 6).

This line is inserted in Fig. 6. It should be noted that the temperature 
is spatially averaged over the film thickness and includes liquid tem
perature information of the atomizing jet. The fuel temperature in the 
plenum (290 K) and the boiling temperature of isooctane (373 K) are 
included in the graph as horizontal dashed lines. The different contact 
times in the fuel duct lead to different fuel exit temperatures at the 
orifice region, which are already described in the previous paragraph. 

The volume flow rate of OP1 is too low to develop a large fuel film with 
sufficient cooling effect over a wide spatial range. The initial tempera
ture is about 50 K higher compared to OP3. The hot gas crossflow 
evaporates the fuel film completely within about 10 mm downstream 
after the orifice center. OP2 and OP3 develop sufficient large cooling 
films, which extend beyond the field of view. The film temperature of 
OP2 is initially about 12 K above the temperature of OP3 and it increases 
faster downstream in comparison to OP3 due to the reduced liquid 
volume flow and lower evaporation cooling. The maximal average 
liquid temperature is about 330 K (OP3), about 375 K (OP2) and up to 
450 K (OP1). This is above the boiling temperature of isooctane and 
ethanol, but still below the melting temperature of nile red. Obviously, 
the liquid is superheated by the locally occurring flame spread due to the 
fast ignition and combustion. This is also visible in the single-shot im
ages in Fig. 4 for OP1, in which partially spherical flame shapes in the 

Fig. 4. Zoomed orifice region (side view, first row) and corresponding signal intensities with SNR and temperature distribution in the liquid (top view, second to 
fourth row) for two single-shot events for each operating point.
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cooling liquid (similar like micro-explosions) are visible in the near- 
nozzle region (about 5 mm downstream). These micro-explosions 
occur probably due to locally superheated fuel in very hot ambience 
[20] and are also reported for alcohol/oil flames in the literature [21]. 
These micro-explosions enhance the liquid jet disintegration and are 
major cause of secondary droplet breakup in spray flames (e.g. in Flame 
spray pyrolysis, see [19]. This disintegration mechanism may also 
accelerate secondary droplets significantly, which can be an explanation 
for the droplets appearing about 3 mm to 5 mm above the liquid film for 
OP1 and OP2 (see the single-shot images in Fig. 4). Color photographs of 
the DSLR camera with and without injection are shown in Fig. 7.

The photos were taken at the same operating conditions but not 
simultaneously with the LIF measurements. The temperature and pres
sure detection can be seen on the left side. The wetted surface increases 
from OP1 to OP3 due to increased flow rate (see Fig. 5, Fig. 7). The 
wetted surface of OP1 appears longer in comparison to the temperature 
distribution in Fig. 5. This partial wall wetting does not contribute to a 
sufficient wall cooling in a large region. The color pictures also show a 
blue flame luminosity caused by premixed combustion of the fuel film. 
The blue flame luminosity is reflected on the shiny walls of the mea
surement section and leads to an illumination also further upstream. The 
glowing metal tube of the absolute pressure probe and the thermocouple 

in the color images indicate an increased cooling effect of the bottom 
near-wall layer of the exhaust flow with increasing fuel volume flow 
(OP2 and OP3).

3.4. Uncertainty analysis

The applied LIF-technique is ratio-based and thus less dependent on 
absolute signal intensities. However, ambient signals (e.g. flame lumi
nosity) or a decrease in SNR would lead to increased measurement un
certainties. Appropriate bandpass filters and short integration times 
reduce the influence of ambient signals on the fluorescence. Conse
quently, the flame luminosity was not detected with the LIF measure
ments using the sCMOS cameras in the present paper.

A thermal degradation of the dye in the liquid can be neglected, since 
the melting point of the dye at 476 K-479 K is not reached in the mea
surement section [12]. A partial evaporation of the film would lead to an 
enrichment of the remaining tracer. A larger dye concentration would 
increase fluorescence re-absorption, so that the fluorescence spectrum 
may be altered and the film temperature would be over-predicted. 
However, for thin films this effect is considered to be low but requires 
further investigation.

Multiple illumination of thin liquid films at high laser fluence would 

Fig. 5. Mean and COV values for the liquid flow at the orifice (first two lines) and the temperature field (third and fourth lines) for three OPs studied.
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lead to a decrease of the fluorescence intensity of the dye due to pho
todegradation [10,22]. This would lead to lower SNRs, which conse
quently would increase the measurement uncertainties. The low 
residence time of the liquid-tracer mixture in the measurement section 
and the mixing with fresh fuel/dye due to the high velocity crossflow 
effectively reduces effects of a multiple illumination at an excitation 
frequency of 10 Hz. This effect has to be considered, if a measurement at 
high repetition rate is being pursued.

In the present study a determination of the temperature 

measurement uncertainty of the single-shot measurements is hardly 
possible as no other technique is available for comparison. However, the 
uncertainty of the static 2colour-LIF calibration measurements are 
available at a film thickness of 0.5 mm (see Fig. 3). The shot-to-shot 
precision (COV) of the two individual detection channels CH1 and 
CH2 of the calibration measurements (see Fig. 4) are between 0.052 % 
(313 K) and 0.263 % (293 K), the spatial COV are between 2.04 % (313 
K) to 2.19 % (343 K).

4. Conclusion

In this paper, a liquid film cooling process under rocket-like condi
tions was analyzed. A hot exhaust gas flow was generated with a pulsejet 
engine. The fuel mixture for cooling consisting of 90 vol.% isooctane and 
10 vol.% ethanol, doped with the fluorescence tracer Nile red was 
injected under 30◦ into the hot exhaust gas flow (1070 K, ~ 95 m/s). The 
highly fluctuating liquid cooling film structure was analyzed with 1- 
color planar LIF imaging in the orifice region and with a two-color LIF 
detection scheme to determine the temperature distribution of the liquid 
flow in a larger ROI also further downstream. The relative temperature 
sensitivity of the 2c-PLIF in the studied temperature range was always 
above 1.45 %/K.

The hot wall preheats the exiting fuel in the fuel duct from 290 K to 
about 294 - 340 K at the nozzle orifice depending on the studied oper
ating point. An increasing flow rate reduces the contact time and 
consequently the liquid temperature rise in the fuel duct.

The hot exhaust cross flow reacts with the exiting disrupted fuel 
stream and the formed fuel film leading to locally occurring diffusive 
combustion events in the orifice region, the edge regions and in the film 
further downstream. Overall, a premixed flame was observed above the 
cooling film. The two-color LIF technique enables the determination of a 
quantitative temperature distribution and an evaluation of the effective 
cooling length of the fuel films. The effective film length increases with 
increasing liquid flow rate. The measurements revealed maximal film 
temperatures in the range of the boiling temperature of isooctane (373 
K) at the edge regions and downstream for OP2, while the liquid 
structures showed superheating for OP1. This may lead to micro- 
explosions and explains the disintegration of the film in form of 
locally spherical widening of the liquid film in the near-nozzle region 
observed for OP1 and partially for OP2.

Measurements without laser illumination revealed, that the flame 
luminosity is not detected by the two detection channels due to the short 
integration times of the sCMOS cameras and sufficient bandpass filters.

The signal intensities of CH1 and CH2 at the edge regions and further 
downstream are very low, indicating small liquid film thickness in these 
specific regions. Therefore, the low SNRs may lead to locally higher 
measurement errors of the film temperature in these regions.

The measurements revealed that the temperature distribution of the 
film and possible non-premixed film or droplet combustion within the 
field of view is strongly dependent on the structure of the exiting fuel jet 
and its attachment to the wall. A high flow rate generates a dense, less 
disrupted fuel stream with reduced liquid surface interacting with the 
hot exhaust gas, which effectively reduces the occurrence of combustion 
events at early stages. Otherwise, a disrupted liquid fuel film occurs with 
formation of ligaments, droplets and larger wrinkling of the liquid sur
face due to interaction of the turbulent flow of the ambient gas and 
probably puffing phenomena. Future work will include high repetition 
rate measurements if the film movement as well as optical measure
ments of the wall temperature and a further variation of the momentum 
ratio. This will give deeper insights into the heat transfer under these 
challenging conditions as well as delivers data for model development 
required for optimization of the cooling concepts for rocket combustors.
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