JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 14, No. 2, April-June 2000

Temperature Measurements by Laser-Induced Fluorescence
Spectroscopy in Nonequilibrium High-Enthalpy Flow
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The flowfield generated by the high-enthalpy arcjet facility L2K, simulating the stagnation conditions during
shuttle reentry and mainly used for testing thermal protection materials, is investigated by using the laser-induced
fluorescence (LIF) diagnostictechnique. For the operation conditions of the L2K facility of DLR, the flow conditions
are dominated by nonequilibrium effects. In particular, translational and rotational temperatures are assumed to
bein equilibrium, butlarge differences between rotational, vibrational,and electronic temperature occur. Spatially
resolved LIF is used to determine rotational and translational temperature of NO molecules and O atoms in the
freestream and behind a bow shock upstream of a blunt body. The flow is modeled numerically using a quasi-
one-dimensional code and a full Navier-Stokes two-dimensional axisymmetric code. Good agreement is achieved
between the experimental and numerical data in the freestream. The data are also compared with the coherent
Stokes anti-Raman scattering measurements performed previously at the same flow conditions in the same facility
on the N, molecules. Differences caused by the nonequilibrium aspects, in the freestream and across the shock
layer, of N», NO, and O components are evident, and the physical interpretation is discussed.

Nomenclature
Ay = spontaneous radiative decay or Einstein coefficient
E.. = rotational energy
Eywms = translational energy
E = vibrational energy
H, = stagnation enthalpy
Iy = intensity of fluorescence
J = total quantum number
k = excited state
ksorrz = Boltzmann constant, k = 1.3806 X 1072* J/K
ki _x = quenchingrate
Ny = number density of the excited state k
Ny = total number density
n; = number density of the quencher i
P, = Prandtl number
Py = stagnation pressure
(o = quenchingrate
G = fluorescence quantum yield
R = radius of the cylindrical blunt test model
r = internuclear distance
T = temperature
Trot = rotational temperature
Toiv = vibrational temperature
A = standoff distance
g = freestream/shock-layerdensity ratio
Vi = frequency of the exciting photon
Wi = wavefunction of the state k
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Introduction

HE simulation of spacecraft reentry conditions in a high-

enthalpy facility represents one of the most interesting fields
of application in both the Centro Italiano Ricerche Aerospaziale
(CIRA) and DLR aerospace research programs. In fact, physical
and chemical processes, which take place during the reentry phase
of aerospace flight, are extremely important for the design of ther-
mal protection materials of reusable spacecraft. The qualification of
thermal protection materials under reentry conditions is frequently
performed in arc-heated facilities, and, for this purpose, the devel-
opment of efficient and applicable methodologies of investigation
is mandatory.

A main goal is the measurementof the concentrationsand physi-
cal properties of chemical species in nonequilibriumhigh-enthalpy
flow produced by the arc-heated facility L2K of DLR or the future
Scirocco-PWT facility of CIRA. For these reasons, the use of non-
intrusive diagnostic techniques for the characterization of the hy-
personic and arcjet flows is strongly required to perform a detailed
descriptionof the thermodynamicstate and a theoretical study of the
physical properties of high-enthalpy flows, dominated by nonequi-
librium phenomena. Computational fluid dynamics (CFD) and ex-
perimental techniques are used to improve the understanding of
these complex phenomena. For this purpose, conventionaland non-
conventional spectroscopic advanced techniques of spontaneousor
induced radiation are very promising. Among these, laser-induced
fluorescence (LIF) is one of the most powerful methods to measure
temperature, pressure, velocity, and concentration of the chemical
species in flows.

The main advantages of the LIF technique are its high sensitivity
and the selective analysis of the chemical gas composition. How-
ever, the large number of parameters, such as laser source, detector
system, optical setup, and theoretical data reduction, requires a full
and precise optimization.! For this reason, in order to optimize
the LIF diagnostic technique, the availability of a suitable facility
with along operationtime, easy access to probe volume and relative
low operation cost, such as the L2K wind tunnel at DLR-Cologne,
represents an important chance to exploit.

In the present paper, the flowfield properties of high-enthalpy
flows have been measured using spatiallyresolved LIF spectroscopy.
The experimentalinvestigationsreportedin this work are performed
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at the nozzle exit and at the position where the test model is placed
during the shock-layer measurements. The LIF technique allows
the measurement of rotational and translational temperatures of NO
molecules and O atoms with excellent spatial resolution. Of partic-
ular interest is to map, by using the fluorescent emission of the NO
molecule and O atoms, the rotational temperature variation inside
the shock layer, which forms in front of the model caused by the
shock generated by the interaction of the freejet with a blunt body.

Theoretical Background

The knowledge of physical and chemical properties of plasma
flow produced by an arcjet is of fundamental importance to un-
derstand better the theoretical basis of the phenomena occurring
in a high-enthalpy gas in a nonequilibrium thermodynamic state.
For these purposes, in order to study, in a selective way, the
chemical-physical state of the gas components, the utilization of
the LIF technique requires the analysis and the definition of the
atomic/molecular transitions that one intends to investigate.

The detection of oxygen atoms is performed via LIF from the
ground electronic state 2p*P, | o to the excited level 3p*P, | o us-
ing a two-photon process (see Fig. 1) and detecting the fluores-
cenceradiation at approximately 845 nm caused by the deexcitation
3PPy 0 — 3575,

Because of the nonlinear feature of the considered excitation pro-
cess of the two-photon transition for the oxygen atoms, one must
take care about the existence of other optical phenomenathat should
compete with the process under analysis and change (partially) the
electronic population of the excited levels during the LIF.

In the case of the applicationof LIF to the NO molecule, the tech-
niqueis based on the excitationof a molecule with laser light, which
matches the possible energy differences of their energy levels. Af-
ter excitation the molecule returns to its ground state by emitting
red shifted radiation or by thermal relaxation caused by collisions
with other molecules. Under conditions where all of the excited
molecules return to the lower states by radiation, the emitted inten-
sity is directly proportional to the density of the molecules within
the lower energetic state. For an excitation spectrum, the intensity
of the emitted light is recorded as a function of the wavelength of
the excitation light, thus probing differentdensities of the lower en-
ergetic states of the molecules. Figure 1 shows the physics of the
LIF process for recording excitation spectra.

The modeling of the radiation spectra is performed by assuming
a stationary population density in each excited state® and the corre-
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sponding intensity of the spectral line of the transition from state k
to state i proportional to this number density Ny:

I oc Ny hwi Ay (1)

The Aj; Einstein coefficient is proportional to the matrix ele-
ment [(y; -7 - ;)|* and, considering the Born-Oppenheimer ap-
proximation and the separation of the wave function into three
separate terms (i.e., electronic, vibrational, and rotational factors,
Y = W Wb * Vo) the Ay coefficient results to be proportional to
the coupling of the electronic states M, the Franck-Condon factor
q.i 4, and the Honl-London factor S j«:

Ayi 0 MyiS i je qi 2)

To consider different rotational and vibrational temperatures of
the molecules, we assume the dependence of the number density
N, of the excited level proportional to two correspondent terms as
follows:
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The terms Q denotes the partition function and S;; and g the
Honl-London and Franck-Condon factors. Different rotational and
vibrationaltemperatures of the molecules can be considered by sep-
arating the corresponding terms in relation (4).

For the operation conditions of the L2K facility, the flow con-
ditions are dominated by nonequilibrium effects.” In particular,
translational and rotational temperatures are assumed to be in equi-
librium, but large differences between rotational, vibrational, and
electronic temperatures are expected.

The parameters in Eq. (4) are taken from the literature 3~!! The
molecular band system investigated in the wavelength range of in-
terest (220-240 nm) corresponds to the y-(0,0) and y-(0,1) band
related to the transition from the fundamental level X 2I1 to the A
2% level (see Fig. 1). The Honl-London factors S;, are calculated
according to the formulas given by Bennett.!2
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Fig. 1 Schematic diagram of the physical mechanism and energy level diagram of the nitric oxide NO and oxygen atoms O involved in the LIF.
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The advantagesof using the dye laser system comparedto excimer
laser are the large number of single lines and spectral separation
of transitions from different vibrational ground states. The upper
energy levels reached by pumping the fundamental and first excited
vibrationallevel are the same. No influence of the spectral response
of the detection system will be present.

At high densities the linearity between the LIF signal and the
number density in a special rotational state has to be proven. The
loss of linearity may be caused by different effects, such as pre-
dissociation or internal conversion, but, at the pressure values of
interest, the most critical source for linearity loss should be identi-
fied in the collisionalquenching !*!'# This phenomenonis described
by the quenching rate Q; indicating the decreasing of the excited
state density N, caused by collisional processes:

dN,
—L =N
” O Ny (5)
with
Qk = E ki_kni (6)

The termn; is the numberdensity of the quencherelementsi, the sum
is over all quencher elements, and k; _ is defined as the quenching
rate constants depending on the impacting molecule (quencher) i
and on the fluorescing state k of the quenched molecule.

Taking into account this contributionof the nonradiative(quench-
ing) decay Q; to the total decay O + A, of the excited state k, the
fluorescence intensity is reduced by a factor

G = Al (A + Q) )

called fluorescence quantum yield, and it represents the reduction
ratio of the fluorescence intensity caused by the quenching effects.

To evaluate the effect of the quenching reduction on the fluores-
cence intensity, by assuming the calculated concentrations of the
molecules and atoms in the flowfield, the quantum yield ¢, can be
evaluated. The details of the calculation are reported elsewhere.!”
Briefly, we consider the properties of the freestream flow in the two
measurement positions of interest: 1) close the nozzle exit corre-
sponding to the distance of 470 mm from the nozzle throat; and 2)
at the center of the test chamber where the test model is positioned
during the shock-layerinvestigations corresponding to the distance
of 955 mm from the nozzle throat.

The quenching constants for O atoms, by using the estimated
number densities, is 7.1 X 10° s~! for the 955-mm case and 2.5 X
10% s™! for the 470-mm case. Using the decay constants given by
Ref. 16 of 2.5 X 107 s~!, the quantum yield for oxygen-atoms is
98% for the 955-mm case and 92% for the 470-mm case.

The quenching constant for the NO molecules, by summing the
contributionof all quenchers, is 2.5 X 10° s™! for the 955-mm case
and 6.2 X 10° s™! for the 470-mm case. With a decay constant of
4.6 X 10° s7! for the A state, the quantum yield for nitric oxide
molecules results to be 96% for the 555-mm case to 92% for the
70-mm case.

Following these considerations,the quenching effect on the radi-
ation intensity in the freestream conditions may be considered not
predominant.

For what concerns the evaluation of the quenching in the shock-
layer region and by using the same decay constants and the calcu-
lated number densities, we obtain an estimated quantum yield for O
atoms and NO molecules of 50 and 61%, respectively.

The synthetic spectra are calculated according to the procedure
describedin Ref. 17. The transition frequencies for the tuning range
of the laser were taken from Refs. 10 and 11. The uncertainty of
these transitions is claimed to be better than 0.0015 nm, and good
agreement with measured transitionscould be found. The procedure
allows different values for rotational and vibrational temperature to
be prescribed. Furthermore, to make comparison with an experi-
ment, the linewidth parameter, related to the spectral linewidth of
the exciting laser (in our case 0.0015 nm), could be adapted, and
intensities for the full spectra could be calculated.

InFig. 2 the theoreticalcurves of the fluorescenceemission, in the
wavelength range of interest (222.5-237.5 nm) for three different
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Fig. 2 Theoretical excitation spectra calculated for temperatures of
500, 1500, and 3500 K.

temperatures (7,,, = T.;, = 450 K, 1500 K, 3500 K), are shown.
The appearance of the first excited vibrational band y-(0,1) begins
to be evident in a valuable way for temperatures above 450 K. In
particular, the temperature value of 500 K is assumed as the lower
limit of the sensitivity of our LIF system in the actual configuration
for what concerns the measurement of the vibrational temperature
through the detection of the NO y-(0,1) vibrational band; this limit
is evaluated by LIF measurements performed on an heated static
test cell filled with a low pressure mixture of N, and NO gases
and consideringthe detection of a value greater than 5% of the inte-
grated intensity ratio between the y-(0,1) and y-(0,0) NO molecular
bands as the limit to obtain an error on the vibrational temperature
estimation lower than 10%.

Numerical Simulation

The numerical simulations are performed by using two different
codes: NATA and H2NS.

The NATA program is based on a quasi-one-dimensiond flow
through a nozzle of specified geometry, as described in detail in
Ref. 7. The theoretical gas model is based on the mixture of atoms,
atomic ions, diatomic molecules, molecular ions, and electrons. In
the argon-free air model for low and moderate temperatures, NO*
is the only importantion among the other species N, Oz, N, O, NO,
and electrons e. At higher temperatures above 6000 K, four addi-
tional ions like N, O;, N*, and O* are additional species. N,, N,
N*,Nj;, and e are the components of the nitrogen model. Reaction-
rate coefficientand equilibriumconstants are expressed as functions
of temperature. Rate coefficients of backward reactions are defined
as the ratio of the forward-rate coefficients and the equilibrium con-
stants. The calculations of the thermal species properties assume
that the vibrational degrees of freedom of molecules are in thermal
equilibrium with the other degrees of freedom.

Regarding the reservoir condition, the flow is always assumed
to start from a state of thermochemical equilibrium in an upstream
reservoir. The mass-flow rate and stagnation pressure are directly
measured quantities in the L2K experiments, and, hence, they are
used as the input parameters.

The numerical code provides inviscid frozen, equilibrium, and
nonequilibrium flow solutions. The nonequilibrium solution is ob-
tained under the basic approximationof a quasi-one-dimensionadity
of the flowfield. The species concentrationsare governed by chem-
ical rate equations. The solution is started by treating the nonequi-
librium flow as a perturbed equilibrium flow. The perturbation
method is used until the departure from equilibrium has become
large enough to allow the use of numerical integration of the rate
equationstogether with the differentialequations of conservationof
mass, momentum, and energy.

Regarding the boundary-layercharacterization, for most operat-
ing conditions of the L2K, the layer is expected to be laminar. The
code contains an approximate laminar boundary calculation based
on the integral method developed by Cohen and Reshotko (Ref. 7
and all references therein).
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Table1 Calculated test conditions in L2K, NATA code

Table2 Calculated test conditions in L2K, H2NS code

Quantities for input

Mass-flow rate, g/s 30 49
Stagnation pressure, kPa 85 129
Distance between model 470 955 470 955

and nozzle throat, mm
Diameter of the nozzle 29

throat, mm
Diameter of the nozzle

exit, mm 200

Calculated quantities

Stagnation enthalpy, 8.85 7.16
Ml/kg
Stagnation temperature, K 4386 3874
Frozen temperature in the 430 259 403 243
freestream, K
Equilibrium temperature 598 357 569 340
in the freestream, K
Total density in the 2.79 0.90 4.68 1.44
freestream, 10_4kg/m3
Enthalpy, MJ/kg 291 2.67
Static pressure, Pa 57.1 11.0 86.4 15.9
Frozen Mach number 5.79 7.67 5.69 7.54
Velocity, km/s 3.14 3.23 291 3.00

The main results calculated on the flow centerline are presented
in Table 1.

The H2NS code is a flow simulator completely developed in
CIRA. It has had a long-time validation since 1993 by various
comparison with experimental. The H2NS code has been mainly
developed to calculate flowfield and thermodynamic properties at
hypersonicregimes. It solves the fully Navier-Stokes equations for
two-dimensional and axial-symmetric flows, which can be used to
simulate the gas behavior into the nozzle and around the test model
of ourinterest. The spatial discretizationof the Navier-Stokes equa-
tion system has been made by means of a finite volume technique
with a central formulation over structured mesh. The H2NS code
consider the air mixture gas composed by the main five species:
O, N, NO, O3, and N,. It simulates the gas in chemical and vi-
brational nonequilibrium conditions. Five different chemical mod-
els have been implemented: Park in 1985,'® Park in 1989,!° Evans
Huber-Schexnayder?’ Kang-Dunn?! and Park-Rakich.?? The vi-
brationalnonequilibriummodel is the one proposed by Millikan and
White.? To take into accountthe turbulenceof the flow, an algebraic
two-layermodel has been employed. In particular, the turbulent vis-
cosityis derived using the Baldwin-Lomax turbulencemodel,?* and
the turbulent heat-conduction coefficients are computed using the
Prandtl number definition (Pr, = 0.9).

The details of the vibrationalmodel considered for the simulation
are reported in Ref. 25, whereas for the chemical model we refer to
the one described in Ref. 26.

The two test conditions considered for the calculationare as fol-
lows:

1) Py = 0.850 bar H, = 8.85 MJ/kg TEST CASE 30 g/s; wall
temperature = 300 K (not catalytic).

2) Py = 1.290 bar H, = 7.30 MJ/kg TEST CASE 49 g/s; wall
temperature = 300 K (not catalytic).

The main results calculated on the flow centerline are presented
in Table 2.

Test Facility and Optical Setup

The LIF experiments described in this paper are performed in
the flowfield of the high-enthalpy L2K facility at DLR Research
Center in Cologne, Germany. The L2K arc-heated facility is mainly
used to test thermal protection materials,!” offeringa wide choice of
flow conditions to simulate the stagnation conditions during shuttle
reentry. A schematic layout of the arc-heated plasma wind tunnel is
shown in Fig. 3.

The facility consists of a gas supply system and a heating system,
where the test gas is heated to the desired energy levels and a nozzle
(40 cm in length, 2.9 cm in throat diameter, and 20 cm in nozzle

Quantities for input

Mass-flow rate, g/s 30 49
Stagnation pressure, kPa 85 129
Distance between model 70 555 70 555
and nozzle exit, mm
Stagnation enthalpy, 8.85 7.30
Ml/kg
Calculated quantities
Stagnation temperature, K 4362 3870
Rotational-translational 483 277 467 268

temperature in the
freestream, K

Vibrational temperature of 1082 1070 924 910
NO in the freestream, K

Total density in the 3.25 0.95 5.46 1.54
freestream, 10™* kg/m3

Enthalpy, MJ/kg 4.28 4.05 3.31 3.10

Static pressure, Pa 53.6 9.0 83.3 13.4

Frozen Mach number 6.17 8.35 6.03 8.17

Velocity, km/s 3.03 3.10 2.83 2.90

I g
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Arc heater Nozzle Gate valve Diffuser Heat Exchanger Vacuum
/ NO-absorption
Test Chamber Jacility

Fig. 3 Schematic layout of the L2K arc-heated facility.

exit diameter) to expand the gas to hypersonic Mach numbers. This
high-speed flow enters the test section where the cylindrical blunt
test model (radius R = 25 mm) is mounted. Downstream of the
test section the flow is deceleratedin a diffuser and cooled in a heat
exchanger. As the pressure level is below atmospheric, the gas has
to be pumped back to ambientin a vacuum system that can consist
of four mechanical pumps. The vacuum system can be separated
by a gate valve from the upstream part in order to be able to keep
the vacuum while working in the test chamber. Downstream of this
vacuum system the installation has a device to wash out pollutants
before releasing the gas into the atmosphere.

The arc heater is a Huels type with two hollow electrodes placed
on the flow axis heating the test gas injected tangentially to the
electrodes with a mass-flow rate between 5 and 75 g/s. Moderate
specific enthalpies up to 10 MJ/kg are achieved at a gas mass-flow
rate of 50 g/s, i.e., a reservoir pressure of about 1.5 bar. The high-
enthalpy hypersonic gas behind the test chambers is decelerated by
a diffuser with a central body to recover the pressure before the
entrance in the heat exchanger.

The mass-flow rates considered for the measurementsreportedin
this work are 50 and 30 g/s with a power level of about 0.7 MW and
areservoir pressure of 1.29 and 0.85 bar, respectively.

The main components of the optical setup are a tunable excimer
laser (Lambda Physics LPX150) pumping the dye laser system
(Scanmate 2E, Lambda Physics) and the detection system. The ex-
cimer laseris operated with ArF in the broadbandmode to emit light
pulses with a wavelength of 351 nm and duration of 23 ns, with en-
ergy of 200 mJ per pulse. The light from the excimer laser is used to
pump the dyelaser. The dye usedis Coumarin 470, which emits blue
light in the range from 440 up to 460 nm. Finally, light pulses with
anenergy of 5-7 mJ per pulse and a linewidthof 0.0015nm could be
generatedin the range of 220-240 nm by using a frequency doubler
(BBO- Beta barium borate) and separating the UV radiation from
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Fig. 4 Typical optical setup used for the spatially resolved LIF measurements.

the residual blue light. The dimension of the focused beam laser
results to be less than 1 mm of diameter.

A sketchofonetypicalopticalsetupat L2K isreportedasin Fig. 4.
All of the details of experimentallayout configurations, instruments,
calibration tests, etc., are reported in Ref. 27.

The light path between the laser and the test chamber is directed
on the flow axis in front of the model by using a prism or a beam
splitter. No focusing optics are used for freestream measurementsto
avoid saturation effects in the case of NO measurements, whereas,
in the case of O atoms detection, a quartz lens with 1.5-m focus is
used to focus the beam to the measurement volume. In front of the
testchamber window, a beam splitteris installed. The reflected light
is used to monitor the power of each laser pulse with a photodiode,
which is referenced to a calibrated power meter (Lambda Physik).

The fluorescenceis imaged with f/4.5 UV Nikkor lenses onto a
cooled intensified charge-coupleddevice (CCD) camera (Princeton
Instruments) with a 384 by 578 pixel array mounted perpendicular
to the laser sheet. For NO detection an UGS filter (Schott) placed in
front of the lens blocks the scattered laser light as well as the visible
emission from the test gas and the model. For O-atom detection an
interference filter with a maximum transmission at 850 nm is used.

Experiments are performed by scanning the full tuning range of
the laser with wavelength increments of 0.0005 nm at a repetition
rate of 3 Hz. Synchronization of the laser pulse and camera illu-
mination is performed with a photodiode and controlled with an
oscilloscope. The illumination time (gate) of the CCD camera is
set to 350 ns to collect almost all fluorescence radiation from the
considered NO excited level characterized by a lifetime of 217 ns
(Ref. 28). To avoid detection of parasitic emission from the model,
the laser pulses are synchronizedto the illuminationinterval. As just
reported, experimental investigationsare performed at a location of
955 and 470 mm downstream of the nozzle throat.

The fluctuation of the intensity variation was checked for the
full tuning range of the dye laser setup. Less than 8% shot-to-shot
variation of the laser intensity was measured. The laser power was
varied by a factor of 10 to prove the linearity of the signal with laser
power.

Experimental Results and Discussion
An automatic data reduction procedure was used to extract the
temperature information from the measured spectra. In particular,
the experimental spectraare corrected by the backgroundsignal and
the laser power fluctuations; then, the identification of the peaks (the
parameters for the identification process, such as the maximum dis-

tance between experimental and theoretical position or the signal-
to-noise ratio, are settable) are performed comparing the position
and the relative intensity ratio of each peak with the theoretical val-
ues, and the integrated intensity of identified peaks are calculated.
Finally, the data are reduced to Boltzmann plots to obtain the tem-
perature measurement.

The relative uncertainty on temperature measurement A7/ T is
mainly caused by the error A 1/I on the calculationof the integrated
intensity of each identified transition peak, properly propagated
through the Boltzmann plot fitting procedure,and it may be reduced
by extendingthe analysisto the levels with higherenergy differences
AE through the relation AT/T oc T/AE - AI/I (Ref.27).

0O-Atoms Measurements

The detection of oxygen atoms is performed via LIF from the
ground electronic state 2p*P; | o to the excited level 3p3P, | o using
a two-photonprocess and detecting the fluorescenceradiation at ap-
proximately 845 nm because of the deexcitation3p*P, ; o — 35S}
(Ref. 29). The radiationis collected perpendicularly with respect to
flow centerline and laser path by a CCD camera equipped with a
filter at 850 * 10 nm (transmittance~ 75%).

The consideredexcitationprocess of the two-photontransition for
the oxygen atoms is a nonlinear effect, and in these cases when no
other competitive process that may change (partially) the electronic
population of the excited levels is involved, a quadratic dependence
of the LIF signal is expected varying the energy of laser pulses. To
determinethis low-intensityregime, we varied the laser pulseenergy
in the range about 1.0-3.0 mJ and detected the LIF signal caused by
the O-atom transition 2p3P, | o — 3p3P, ¢ at 225.60 nm (Fig. 5).
The quadratic dependence is observed nearly in the full range ex-
cept at the very high-energy pulse region where the slope of the
dependencedecreases. Following these results, it seems reasonable
to neglect other competing optical processes >

The LIF measurementare performedin therange 225.5-226.2 nm
to detect all of the transitionsinvolvedin the 2p*P, | o — 3p°Py 1
for both flow conditions considered in the present test campaign,
i.e., (mass-flow rate =49 g/s < stagnation-pressure= 1290 mbar)
and (mass-flow rate = 30 g/s < stagnation-pressure= 850 mbar). In
Fig. 6 two typical experimental data sets for the two flow conditions
are shown (the intensity of the LIF signals is properly normalized
for the laser energy fluctuations). The measurements of O-atom
temperature are available only in the freestream 470 mm from the
nozzle throat, where the oxygen atom density is the highest one,
and, hence, the efficiency of the two-photon process is enhanced.
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Fig. 6 Collected spectra of the fine structure of the oxygen levels
caused by the two-photon excitation 2p3PJu — 3p3P,, ¢ for the two
flow conditions under analysis: (49 g/s <> 1290 mbar) and (30 g/s <
850 mbar).

The fine structure of the 2p3P,» states is evident, and the de-
creasing intensity as J” decreases is a confirmation of the lower
population of the higher energy levels.

To obtain the estimation of the temperature from the O-atoms LIF
signal, we plot the natural logarithm of the integrated intensity nor-
malized by the multiplicity vs the energy difference of the transition
levels: the slope of the best fit to straight line in these Boltzmann
plotsisdirectly correlated with the temperature.In Fig. 7 two typical
Boltzmann plots referred to the two considered flow conditions are
reported. For all of the cases correspondingto the condition (mass-
flow rate = 49 g/s < stagnation-pressure= 1290 mbar) we obtain
a temperature value of about 460 K with an error of 15% (=70 K).
In this case the relative high amount of the error is caused by the
intensity of the transition from the 2p3P, level that is constantly
higher than the expected one, but the intensity of this fable peak is
affected by a greaterrelativeerror than the others; hence,itis needed
to measure it with a major degree of accuracy. This represents one
of our tasks for future work.

The measured temperature results are in good agreement with
the value calculated by the CFD code H2NS. In fact a frozen ro-
tational/translational temperature of 467 K is estimated at 470 mm
downstream from the nozzle throat.

In additionto this comparison with the theoreticalresult, the mea-
sured value of the temperature is in very good agreement with the
rotationalAranslational temperature measured using the LIF signal
from the NO molecules in the same measurement volume. In fact,
as reported in the next paragraph, at 470 mm from the nozzle throat
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Fig. 7 Typical Boltzmann plots for the two different flow conditions.
In the case of (49 g/s < 1290 mbar) (upper graph), the best linear fit is
obtained with a temperature of 460 K = AT =70 K. In the other case
(30 g/s < 850 mbar) (lower graph) a temperature of 550K + AT=30K
is calculated.
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Fig. 8 Freestream spectrum from the flowfield in L2K: mass-flow rate
50 g/s, stagnation pressure 1290 mbar, distance to the throat 955 mm.
In the inset the Boltzmann plot and the best linear fit are reported. The
temperature calculated results are 303K = 15 K.

a temperature of 470 K is measured by the NO-LIF analyses, and
this consistency, always observed for each flow condition and each
measurement position, confirms the character of equilibrium of ro-
tational/translational levels among all chemical species involved in
the aerothermodynamic process.

The results for the flow condition corresponding to (mass-flow
rate =30 g/s < stagnation-pressure= 850 mbar) are the following.
From the LIF signal of oxygen atoms, a temperature of 550 K is
measured, withanerrorofabout5% (= 30K). The NO-LIF analyses
in this flow condition give the measured temperature of 575 K,
whereas the H2NS and NATA codes return calculated values of
483 and 598 K, respectively. All of the same considerations of the
preceding case are still applicable.

Concluding this section, the application of the LIF technique to
oxygen-atomdetectionin a hypersonic plasma flow is very promis-
ing and needs to be optimized. In particular, the measurement pro-
cedure and setup should be arranged to increase the sensitivity and,
consequently, decrease the relative error. In addition, a dedicated
study and analyses have to be performed to reach the objective of
quantitativeconcentrationmeasurement for which the very complex
quenching process of O-atoms signal should be taken into account.

NO-Molecules Measurements
Freestream Investigations

The freestream analyses of the LIF signal emitted by the NO
molecules have been performed at two different flow-stream loca-
tions, i.e., 470 and 955 mm downstream from the nozzle throat.

In Fig. 8 a typical excitation spectra from the freestream at the
centerline and the relative Boltzmann plot analysis is reported for
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Table 3 Summary of the measured and calculated temperatures

Mass-flow rate = 30 g/s
Measurement position

Mass-flow rate = 50 g/s
Measurement position

Distance from nozzle throat 470 mm 955 mm 470 mm 955 mm
O atom by LIF, K 550 = 30 n.a. 460 = 70 n.a.
NO molecule by LIF, K 560 = 60 320 £ 40 515+ 30 30015
N, molecule by CARS,*!' K n.a. n.a. n.a. 330
Vibrational frozen/equilibrium 430/598 259/357 403/569 243/340
by NATA code, K
Rotational/translational (N,-O,-NO) 483 277 467 268
by H2NS code, K
the test case (mass-flow rate = 50 g/s < stagnation-pressure = 250
1290 mbar) at 955 mm downstream from the nozzle throat.
As justdiscussed, the experimental spectra are analyzed by iden- 200 -

tifying the NO peaks and by calculating the NO rotational tem-
perature through the Boltzmann plot. The calculated values are
about 515 £30 and 300+20 K at 470 and 955 mm positions,
respectively, in the case (mass-flow rate = 50 g/s < stagnation-
pressure = 1290 mbar) and about 560 % 50 and 320 * 35 K at 470
and 955 mm positions, respectively, in the case (mass-flow rate =
30 g/s < stagnation-pressure = 850 mbar).

The theoretical results calculated by the computational codes
are reported in Table 3, and a good agreement with the data mea-
sured with the LIF technique in this work and with the coherent
Stokes anti-Raman scattering (CARS) technique in the previous
measurements’! is observed.

In all cases, as no signal from vibrational excited NO molecules
is detected, the upper limit of the freestream vibrational temper-
ature NO is estimated below 500 K. The behavior of the vibra-
tional temperature of NO is very different with respect to the case
of N, as determined by CARS measurements;! i.e., Freestream
T.is(N;) = 2700 K. This effect can be explained with the faster
vibrational relaxation of NO with respect to the N, molecule and
represents an evident consequence of the nonequilibrium thermo-
dynamic state of the gaseous flow.

Shock-Layer Investigations

To perform the analyses on the shock layer, a cylindrical (50 mm
diam) test model is inserted in the freestream with the flat (disc)
surface in front to the plasma flow, and it is surrounded by a region
of high temperature and density caused by the formation of a shock
front. The test model position is 955 mm downstream from the
nozzle throat.

A gasin nonequilibriumthermodynamic state, as just mentioned,
may be described by using three different temperatures of which
the most important for the gas-surface interaction is the rotational
temperature, because the rotational axis compared to the normal to
the surface is an important parameter in determining the thermal
load to the surface. Previous CARS measurements’’ had shown a
dramatic rise of the rotational temperature of N, molecules in the
layer up to the body. It is an important finding to reveal and to
confirm this result by the LIF method applied to the NO molecule.

A typical radiation spectrum from the shock region is reportedin
Fig.9.Because of the high temperature, the profile of the NO-y (0,0)
(A ?Z — X 2I1) band system is very different with respect to the
one obtained during the freestream measurement. In addition, the
NO-7(0,1) band system is visible and emitting, indicating a higher
vibrational NO temperature.

The two-dimensional feature of the LIF setup permits us to inves-
tigate in the transverse direction with respect to the flow. In Fig. 10
a temperature profile of NO-LIF emission from the transversal line
positionedat4.2 mm from the model surfaceis reported. The NO ro-
tational temperatureis about4100 K, a value thatis even higher than
the calculated stagnation temperature (3870 K). Higher rotational
temperatures can be explained with the nonequilibrium properties
of the flow. With respect to equilibrium conditions, more energy
is stored in the rotational modes, whereas the energy stored in the
vibrational modes is lower. At the two extremities of the profile,
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Fig. 9 LIF radiation spectrum in the tuning range of the dye laser
(220-240 nm) in the region of the shock in front to the model. The
two band systems y-(0,0) and y-(0,1) of the transition A2X «— X>IT are
visible.
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Fig. 10 NO rotational temperature distribution in the transversal di-
rection inside the shock region (4.2 mm from model surface) in the test
case (mass-flow rate = 49 g/s < stagnation pressure = 1290 mbar).

the measured rotational temperature correspondsto the unperturbed
freestreamcondition,and the valueis exactly matching the measured
one in the same position without model inserted.

The measurementof the radiation spectrum from the centerlineis
repeated for each millimeter of distance from the model surface with
a precision of less than 0.5 mm, and the experimental results for the
NO rotational temperature on the centerline are reported (Fig. 11).
From this graph it is possible to estimate the standoff distance A
of about 13.5 mm. This experimental value can be compared with
the calculated value derived from the formula A = Re'?(1 + &)
reported in Ref. 32. In the considered flow conditions the density
ratio & is 0.19, and, hence, the calculated standoff distance A results
are 13 mm, in good agreement with the measured value.

No computational CFD calculation for the plasma flow consider-
ing the presence of the model and, hence, of the shock layer in front
to the flat surface is available in the test cases considered in this
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Fig. 11 NO rotational temperature distribution along the centerline
inside the shock region generated by the 50-mm-diam test model in the
test case (mass-flow rate =49 g/s <+ stagnation pressure = 1290 mbar).
The standoff distance A may be estimated as about 14 mm.

work. In the previous CARS measurement’’ on the N, molecule,
the measured rotational temperature in the shock region was about
4000 K whereas the vibrational temperature was about 2700 K.
The computed values were in good agreement with the experimen-
tal ones. As expected, because of the slower vibrational relaxation
of the N, molecule the vibrational nonequilibrium was demon-
strated. Moreover, the vibrational N, temperature value remains al-
mostunchangedduringthe transitionfrom freestreamto shock-layer
region.

In the case of the NO molecule investigated in this work, the ro-
tational temperature values measured in the freestream and in the
shock region are in good agreement with the rotational N, tempera-
ture indicating an equilibrium of the rotational energy E,, distribu-
tion on the different gas components, but, as reportedin Table 3, the
measured temperatureis not consistentwith the valueexpectedin the
case of a thermal equilibrium indicating thermodynamic nonequi-
librium among E, and other energy forms.

On the contrary, the preliminaryresults of the vibrational NO tem-
perature values seem to indicate, in this case, an equilibriumin the
freestream between rotational and vibrational energy (E ., = E,j),
whereas the vibrational temperature levels increase in a consistent
way across the boundary shock layer [from T, (NO) < 500 K to
T.iy (NO) > 2000 K]. The computed values seem to be in good
agreement with our results just reported. In the near future a full
test campaign and a detailed analysis of the experimental data
for vibrational temperature and relative density variation will be
performed.

Conclusions

The thermodynamic properties of the plasma flow generated in
the L2K arc-heated high-enthalpy facility are investigatedby using
the spatially resolved LIF technique. In particular, this diagnostic
methodology has been applied to the analysis of the NO molecules
and O atoms in order to have spatially resolved rotational tempera-
ture measurements.

The measured rotational NO temperatures in the freestream are
consistent with the O-atom experimental values and N, rotational
temperatures measured by CARS. In this case the theoretical calcu-
lated values are in good agreement with the experimental data. The
nonequilibriumaspects are demonstrated by the difference between
the measured values and the expected values in the hypothesis of
thermal equilibrium.

In the case of the shock-layerinvestigationsin front of a 50-mm-
diam test model, spatially resolved measurements of NO rotational
temperature are performed. The results indicate temperature values
of about 3700 K inside the shock region and a standoff distance of
about 14 mm.

In addition, the preliminary results about the vibrational NO tem-
perature indicate a nonequilibrium in the vibrational energy E;,

distribution caused by the frozen flow condition combined with the
difference in the relaxation process, that is, in the case of the NO
molecule, faster than the N, air component.

In the future more detailed investigations about vibrational tem-
peratures and relative density variation are foreseen.
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