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Abstract: Planar Laser-Induced lodine Fluorescence (PLBR) powerful nonintrusive technique for flow
visualization and quantitative measurements ininaotn and rarefied flows. The technique providessurements
of multiple flowfield parameters in a cross-sectibplan of the flow. A theoretical model of thelFLis given,
followed by details of the experiments, results aachparison with calculations.

INTRODUCTION

Figure 1 is an energy level diagram of the iodir@etule. lodine is excited from the v’=0
ground electronic X state to the excited B stdthe excited molecules relax to the ground statuiin
radiative emission, fluorescence; however, collialcquenching competes with the radiative emisaruh
reduces the fluorescence emission.
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Figure 1: lodine energy level diagram

The rate equation solution for the fluorescencealigf a single transition is given in the equati@how:
A, 1

Ay +Q(p,T)Av,
The first term in this equation fis the Boltzmann population fraction of the vifiwaal/rotational energy
level being excited by the laser; the next tertiésratio of the radiative emission rate to thaltot
relaxation rate (termed the Stern-Volmer fractidgh Voigt function (V) gives the transition linegeg |

S =Cf (T) V(p, T,u)l(x)f,N



is the laser intensity; fis the iodine seeding fraction; and N is the fledf number density. It is seen that
the fluorescence signal is a complex function efgas temperature, pressure and flow velocityhigh
this makes the interpretation of thiginal less than straightforward, it illustrateattthe signal is rich in
thermodynamic properties and convective and thewelakity and, if these can be isolated, would ltdgu
the measurement of multiple flowfield properties.

The Boltzmann population fraction is given aspheduct of the rotational and vibrational
fractions, where thermal equilibrium is assumetie Primary absorption lines under the argon laser g
profile at 514.5nm are in the ground vibrationatet v’=0, which is strongly populated at room
temperature and below. The low rotational quantumbers, 13 and 15, of these transitions produge la
rotational population fractions at temperature@Wealoom temperature. In fact, it is these low tiotzal
guantum numbers that make the PLIIF technique s@dal in the supersonic and hypersonic flow
regimes. The Stern-Volmer fraction representdridgtion of the excited state population that deadye
to radiation, Ay, versus collisional quenching, Q(p,T). At high@anumbers, the collisional quenching
rate becomes small compared to the radiative detayand the Stern-Volmer fraction approaches unity
This greatly simplifies the interpretation of thedrescence signal in the rarefied, hypersonicmegi The
broadening of the absorption lines is representetthd VVoigt lineshape function. This function is a
convolution of Doppler broadening and Lorentz beyadg.

EXPERIMENTAL APPROACH

Hyper sonic Flow Facility and Optical Setup

The flow facility is provided by evacuating a vaaughamber and introducting iodine-seeded
nitrogen through a sonic nozzle. The resultingv/field is an underexpanded jet. The jet is phybica
about 4 inches in length from the sonic exit toNMech disk. The variation of Mach number and Krards
number in the underexpanded jet is shown in Figure
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Figure 2: Mach and Knudsen number variation in underexpanded jet flow facility.

It is seen in figure 2 that the Mach number rarfge® 1 at the sonic exit to about 16 at the Mach
disk location, while the Knudsen number ranges fatrout 0.02 to 1 over the same range. Models are
placed in the underexpanded jet test flow at locatiwhich give the desired Mach number for thesfest
according to Method of Characteristics calculattbthe flowfield. Note that the streamlines foe ttests
are not parallel, but diverge from the exit soutoer.

The optical setup for the experiment is shownigufe 3. The output from the laser is converted
into a thin laser sheet. This sheet is passedigtrthe plane of theodel (flat plate model shown). The
resulting fluorescence image is collected at 90@egyusing the CCD camera. The spectrum analyzer a
static cell are used to monitor the frequency eflt#ser as it is tuned across the iodine absorgpeatrum.
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Figure 3: Optical setup for PLIIF technique

Narrowband measurement technique

When the linewidth of the exciting laser is lesatttihe iodine transition linewidth, the
fluorescence is given by the equation above. &disation describes the iodine absorption profienfa
single transition. Actually there are multiple leyfine components under the v'=0, J"=13 and 15sline
Figure 4 shows the resolved hyperfine componentseofbsorption profile, as they appear at rarefied

conditions.

For this narrow bandwith approach, the laser igdun frequency across the hyperfine componenta&isho
in Figure 4. At each discrete frequency, a fluoeege image is acquired using the CCD camera. Once
this data is acquired, the absorption spectradt pixel, corresponding to a discrete point infthesfield,

is reconstructed by looking at the same frequen@jlithe images. The resolved spectrum is fithey
theoretical model to obtain the flowfield paramsteThe velocity is obtained by the Doppler shiftte
absorption spectra, relative to the spectrum mwagdressure static cell. The rotational tempegaisir
determined by the relative peak heights of thesitamms, while the translational temperature isagisd
from the Doppler-broadened line widths. Nonequilim between the translational and rotational
temperatures can therefore be examined.
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Figure 4: 1 odine hyperfine componentsin rar efied conditions



Broadband measur ement technique

When the linewidth of the exciting laser is gredtet the iodine transition linewidth, the
fluorescence is given by the equation below. I8 thse, the Voigt function is integrated to unéipce it
is normalized, and the equation for the fluoreseesimplifies so that only the Boltzmann fractiord ahe
Stern Volmer fraction appear to modify the flomfielumber density.

A

[

Y £{Tn

"Ey

AT

For this technique, quantitative measurement affileld parameters is, in general, not possibleesite
absorption spectrum is not resolved. This appristierefore a flow visualization technique. Hoer

in the rarefied regime the fluorescence signatapprtional to flowfield number density. A plot tife
Boltzmann fraction as a function of Mach numbendran isentropic expansion in an underexpanded jet
with a stagnation temperature of 300K is givefrigure 5. Note that the fraction becomes nearhstant

for the J"=13, 15 transitions for Mach numbershia 8 — 17 flow regime.
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Figure5: Boltzmann fraction vs Mach number in an isentropic expansion

A plot of the Stern-Volmer, or fluorescence effiocy factor, versus Mach number for the same
isentropic expansion is given in figure 6. Notattthe Stern-Volmer fraction becomes constant ay fior
Mach numbers greater than about 8. This is toxpeated since the collisional quenching rate idigixe
under these conditions. Therefore, according tethetion for the broadband fluorescence, the kigna
should be directly proportional to the flowfieldrdsgty in the rarefied regime above about Mach 8isT
will be verified by experimental results given b&lo

RESULTS

The first results to be presented are narrowbaresorements of the velocity field over a flat
plate at a freestream Mach number of 12 (figurdfig plate extends from X/D of O to 40. Note the
divergent streamlines of the underexpanded jegestand the variation of velocity from about 768en
in the freestream to near stagnation conditioriseatrailing edge of the plate.
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Figure 6: Stern-Volmer factor vs Mach number in an isentropic expansion
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Figure 7: Velocity field for Mach 12 flow over aflat plate

The velocity profiles perpendicular to the plate ahown in Figure 8. Note the slip velocity is
about 550 m/sec at the plate leading edge, wherbdhndary/shock layer is rarefied, to about 108/
in the continuum region at the plate trailing edge.

Figure 9 gives the velocity field over the flaafd with a normal sonic jet, simulating a reaction
control jet. The interaction of the normal jetlwihe hypersonic freestream is well resolved. 1&itign
regions are seen ahead of and behind the trangers& vortical region ahead of the jet is indiga of
the horseshoe vortex that exists on the wall ardedet.

Broadband images for the injection of a reactiontic system jet on a Mars Science Lab model
at a Mach 12 freestream and angle of attack ofezesks are given in figure 10. The increase inij&t
with increasing thrust coefficient is evident. Sheémages clearly show the bow shock on the MSL
forebody, the expansion around the shoulder anththeaction with the RCS jet.
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Figure 9: Velocity field for flow over a reaction control system jet
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Figure 8: Velocity profilesnormal to flate plate at Mach 12
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Figure 10: RCSinjection on MSL. a) Thrust coefficient of 0.5 and b) 1.0.

A plot of the experimental data along the centerlif the RCS in figure 10 is given in figure 11.
Note that the agreement of the experimental datatve broadband fluorescence equation is excellent
Near the jet exit the flow is continuum and thensigncreases along the jet centerline owing botté
large increase in the Boltzmann population fractod in the Stern-Volmer fraction (see figures 8 @n
As the flow becomes rarefied, the Boltzmann pojputefraction becomes nearly constant and the Stern-
Volmer fraction becomes constant at unity. In teigime, above about Mach 8, the broadband
fluorescence signal is directly proportional toaffeeld density, as discussed above. In most ofrtteges
shown in figure 10, this is the case, and the flismalizational images are nearly quantitative.
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Figure 11: Variation of broadband fluorescence along centerlineof RCSjet in figure
10.



These experiments are done in collaboration withmatations at the University of Michigan.
The calculations are done with a Navier-StokesesplveMANS, which contains the capability for
thermochemical nonequilibrium. When the gradienuéisen number is greater than about 0.5, the flow
experiences continuum breakdown and must be caeside be rarefied. Figure 12a shows that a
considerable region of the flow on the lee sidéhefMSL at 20 degree angle of attack and Mach 12 is
rarefied. The need to develop a hybrid CFD/DSMC potational method may be necessary to compute
this entire flowfield. Figure 12b is a comparisafithe LeMANS calculation of the streamlines of th
RCS on the MSL with the broadband fluorescence endgood agreement is seen for the bow shock on
the MSL, but the expansion of the RCS jet seenfetoverpredicted by the computation.

Figure 12: a) Mach 12 flow over MSL at 20 degree angle of attack b) calculated
streamlines of RCS on MSL compared with fluorescence image.

CONCLUSION

The PLIIF technique has been presented from adiieal basis, the experimental setup was
discussed, and the two techniques techniques wesemted. Results from quantitative velocity
measurements of the Mach 12 flow over a flat pdae over a transverse RCS jet normal to the plate w
shown. Flow visualization images were shown ofGSRet firing from a Mars Science Lab model. The
variation of the broadband fluorescence signal@lte RCS jet centerline showed excellent agreewfent
the theoretical model with the experimental dathis comparison indicated that the broadband images
guantitatively proportional to flow density abovsoat Mach 8. Computational results for the Knudsen
number showed regions of continuum breakdown. Bwhguantitative and qualitative measurements are
important for validating computational methods Igeiteveloped for these complex, continuum/rarefied
flowfields.
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