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ABSTRACT

Measurement of the phenomena associated with hypervelmmitydary layer transition requires the develop-

ment of high-speed detection techniques. Two reasons for the current search for a reliable non-intrusive optical
technique include: 1) high-enthalpy facilities suffer from a harsh environment in the test section after the test

time, 2) optical diagnostics tend to achieve higher sampling rates than direct mechanical measurement. Two
approaches utilizing optical detection are described in this work: temperature measurement by spontaneous
emission and laser differential interferometry. A model for the detection of spontaneous emission from a seed
gas is formulated, which enables the measurement of spatially-averaged temperature in the boundary layer.
This model is applied to data taken during three experiments in a free-piston reflected shock tunnel. The results
indicate that the technique may be used to track turbulent bursts in a hypervelocity boundary layer; however, the
spontaneous emission technique ultimately falls short of the goal of tracking linear wave packets. Furthermore,

the uncertainty in the results from the spontaneous emission experiments is large. Full-field laser differential

interferometry is implemented. Preliminary results indicate the ability to track turbulent precursors.

1.0 INTRODUCTION

The instability mechanism in hypersonic flow over cold-wddinsler bodies is acoustic in nature; acoustic
waves become trapped in a wave guide comprised of the body wall and the sonic line in the boundary layer
[1-4]. Numerous investigations of flow over a slender cone in lagtihalpy facilities have been performed
[5-8]; yet, detailed measurements of the character of the destisds formed as a result of this acoustic wave
guide have not been made. Data from cold hypersonic facilities (reservoir enthalpy: 2 MJ/kg) indicate

that the most strongly amplified frequency of the acoustic instability is typically below 500Xz 10]. In
high-enthalpy facilities (mass specific reservoir enthalpy: = 5-20 MJ/kg), the velocity at the edge of the
boundary layer is considerably higher, so that the most strongly amplified acoustic mode frequency on a slen-
der cone is also highex;1-3 MHz [6, 7, 11]. These time scales eliminate piezo-electric pressuredizsers,

surface heat transfer gauges, and hot wire anemometry techniques as candidates for measuring the acoustic in-
stability at conditions typical of an experiment in a high-enthalpy facility, due to inadequate temporal resolution.
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This work describes the development of two techniques ferdptical measurement of transitional bound-
ary layer phenomena. One method introduces trace amous®éd gas with a strong oscillator strength
(namely, lithium for its D1 and D2 spectral lines) into thettgas and tracking the spontaneous emission of the
seed gas from the boundary layer; the rate of spontaneossiemis related to the temperature of the gas and,
thus, indicates temperature transients. A second methoptwial detection of transitional phenomena is also
presented, high speed differential interferometry.

20 FACILITY

All experiments are performed in T5, the reflected shock @lahthe California Institute of Technology (Fig-
ure 1). This facility is designed designed to simulate high-aiyi real gas effects on the aerodynamics of
vehicles flying at high speed through the atmosphere. Unlikerentional cold flow facilities, the free-piston
driven reflected shock tunnel generates high Mach numbesfigvincreasing the velocity, not decreasing the
speed of sound.

Secondary Diaphragm

Primary Diaphragm

Test Section Shock tube (ST) Compression Tube (CT) Secondary Reservoir (2R)

Figure 1: A schematic of T5, with a blown up view of each of the m ajor sections.

An experiment is conducted as follows: a 120 kg aluminurnopig loaded into the compression tube/secondary
reservoir junction. A thin mylar secondary diaphragm isntesd at the nozzle throat at the end of the shock
tube adjoining the test section, and a primary diaphragain{sss steel, 7 mm thick) is inserted at the com-
pression tube/shock tube junction. The test section, shdw and compression tube are taken to vacuum.
The shock tube is filled with the test gas; M the present study, te85 kPa. The compression tube is filled
with a He/Ar mixture to~100 kPa and the secondary reservoir is filled with airttD MPa. The air in the
secondary reservoir is released, driving the piston intocttimpression tube. This piston motion adiabatically
compresses the driver gas of the shock tunnel to the ruptessyre of the primary diaphragm 100 MPa).
Following the primary diaphragm rupture, a shock wave pgapes into the shock tube, is reflected off the end
wall, breaks the secondary diaphragm, and re-processdssingas. The test gas is then expanded through a
converging-diverging contoured nozzle to Ma¢h5 in the test section.
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3.0 SPONTANEOUSEMISSION DETECTION

This method entails introducing trace amounts of a seed ghsavstrong line-strength (vaporized lithium, in
this case) to the test gas, and focusing the spontaneousiemfeom a point of interest onto a fiber-coupled
photodetector (Figur@). Typically in fluid dynamics work, the light emission is matilated to produce a
measurand, as inlP-16]. Due to the high temperatures and densities available nti% possible to detect
the spontaneous emission from the seed gas. We show thaaspons emission can be used as an indicator
of local temperature, and fluctuations associated with daynlayer transition on a slender body at high
speed. A model relating the local temperature of the gasdethissive power of the gas (measured by the
photodetector) and the edge pressure on the cone (caltdfata the run conditions) is developed, and data
from three experiments are presented.
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Figure 2: Schematic of the optical setup for the detection of the spontaneous emission of lithium.

3.1 Spontaneous Emission Model

In this section, a model for the emissive power of a heatedsgasmulated following the development ith7].

In its ground state, lithium has the electronic configuratibs® 2s', and in its first excited state has the electron
configuration:1s? 25 2p'. The term symbol for the ground state’is, /, ; the first electronically excited state
is split and has the term symbofsP; /2 and? P, /2 [18-20]. Let the population density of each state Bé, P
NQPB/2 anngpl/2 . The rate constants for absorption 3@1/2:2PB/2 and bgsw:gpw ; the rate constants for
stimulated emission artahPB/Q:QSW andb2pl/2:2sl/2. The spontaneous emission rate constants are the Einstein
A coefficients:AQPS/QZQSI/2 andA2P1/2:251/2. The collisional quenching rate constants a@azpmzzsm and
Q2P1/2:251/2. The excitation rate constants ar@zsl/2:2p3/2 and Q251/2:2P1/2. The energies associated with
photo-ionization are quite high relative to the conditiansI'5, so this process is not included in the current
model. The relevant processes are shown connecting thedysiate to the excited states in Fig®&eThe
spontaneously emissive power from the first split excitatkesdf lithium is,

Q
PSpontaneous = FGVE (hV2P3/2N2P3/2A2P3/2 + hV2P1/2N2P1/2A2P1/2> ’ (1)

RTO-MP-AVT-200 24-3


nato-otan_logo.eps
figs/spontEmiss.eps

Optical Detection of Transitional Phenomena on =
Slender Bodies in Hypervelocity Flow e

Energy (eV)

281

Figure 3: Two-level energy diagram illustrating the releva nt processes of excitation and de-excitation of the split fir st excited
state of Lithium.

where,h is Planck’s constant, analPS/2 andv:p . are the frequencies of the emitted light.is the volume of
luminous gasFy; is the correction factor attributed to non-ideal transioisshrough glass, and is the collec-
tion solid angle. We are considering only s.pontaneous 6ONiSSO thalb2$1/2:2pg/2, b2_31/2_:2P1/2,b2P3/2:231/2
andbgpl/Q:ggl/2 are zero, and the rate equation for the population densigach state is given by

dNeg, ,

dt = _N251/2Q251/212P3/2 B N251/2Q251/212P1/2 + N2P3/2 (A2P3/21251/2 + Q213:‘»/21251/2)—’_ 2)

N2P1/2 (A2P1/22251/2 + Q2P1/22251/2)7

dN2P3/2

dt = N2S1/2Q231/QZ2P3/2 - N2P3/2 (A2P3/21231/2 + Q2P3/2:2S1/2) (3)
and
dN:p
/2
—a Nag, ,Qzs, ,2p,,, = Nep, ,(A2p 25, + Qop 25, ,)- (4)

Adding Equation®, 3 and4 yields

dN251 dN2p, dN:zp d
/2 3/2 1/2 B
dt + dt + dt == E (N251/2 +N2PB/2 +N2P1/2> = 0. (5)
This result leads to
N251/2 + N2}33/2 + N2P1/2 = N, ©6)

where Ny is the total population of lithium atoms, assuming only thistf§plit excited state can be excited at
conditions in T5. The values for thA2P3/2:231/2 andA2P1/2:2sl/2, are found in 20-22]. Following [17] and
[23], the quenching rate constants are

Qa:b = Z n;0;v;, (7)
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1/2
vy = (Skﬂ , ®)
v

n; is the number density of the de-activating specigss the cross section for the quenching specigess,the
reduced mass of the colliding speciésjs Boltzmann’'s constant, and is the relative velocity. The deactivat-
ing species is assumed to be only, khe test gas in the current experiment. This is a good agsumpas the
mass fraction ofV in the free-stream is less than G46for the current shot series. The cross sections used in
the calculations are tabulated @4-26].

The excitation rate constants are calculated by assumgtglectronic-vibrational energy transfer between Li
and N; this results in the electronic excitation temperature iodllvays equaling the vibrational temperature
of N,. According to R7-29], the conversion of translational energy to electron exicih energy is improbable.
Atoms are relatively massive and slow-moving compareddcaetactrons being excited. Particularly on p. 230
of [27], “On the Landau-Teller principle, energy transfer is kaly when the duration of a collision is much
greater than the period of the oscillation being excitede @aration of a collision between atoms is usually
taken asl0~ ! seconds, while the frequency corresponding to electraaitsttions is around = 10! per sec-
ond.”This thought process was utilized in a technique ddifee reversal where researchers typically used trace
amounts of Na to track the vibrational temperature of a steelited gas in nonequilibirum gasdynamic studies
[27, 28]. They state that the likely process of electronically &érgi Na is

Na(%8) + Ny (v = 7,8) — Na(*P) + Ny(¢v" = 0), (9)

where seven or eight vibrational quanta from theaxe transferred to the Na. The process is likely similar in
lithium,

Li(%S) + No(v" = 6,7) — Li(*P) + Ny (" = 0), (10)

where six or seven vibrational quanta from the &fte transferred into the Li. Thus, the effective excitation
time of the lithium is assumed to be equal to the vibratioe&xation time of N, because of this near-resonant
relationship B5, 26, 28, 30, 31]. The vibrational relaxation time of Nis calculated with a simplified form of
the Landau-Teller model,

1/3
- Cexp(Ky/T) 7 1)
Pedge

™

whereC and K, are tabulated constants apg,. is the pressure at the edge of the boundary la§2r34].
MATLAB's built in function, odel5s (a turn-key stiff IVP solver), is used to compute the numadrgnlutions
to the coupled differential Equatio2s 3 and4 (Figure4(a)and Figured(b)). These solutions are presented in
terms lithium atom fraction. The calculations indicatetttie response time is on the order of the fastest rate
(quenching) and the number of excited atoms is dependermieosiawest rate (vibrational excitation).
For long times relative to the quenching process (of oiidens) the population densities will reach a steady
state, that is,

dN2g, . dN2p, . dN2p, P

a dt  dt

= 0. (12)
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Figure 4: The lower electronic state is seen to decline in (a), and the first split electronic state shows growth in populat ionin (b).
These solutions are presented in terms of fraction of Lithiu m atoms. The calculations indicate that the response time is on the

order of the fastest rate (quenching) and the number of excit ed atoms is dependent on the slowest rate (vibrational excit ation).

To find the steady state, population densities of the up@destcan be calculated by assuming collisional
excitation is balanced by spontaneous emission and aolasiquenching,

N251/2 Q251/212133/2

Nap,, = (13)

I
(A2P3/2:231/2 + Q2P3/2:231/2)
and

N251/2Q251/222P1/2

Nep,, = (14)

(A2P1/22251/2 + Q2P1/22251/2) .
The population otN251/2 can be eliminated algebraically from Equatid®and 14 with Equations2, 3, 4, 6
and12. Substituting the population number densitieélem anszpl/Q) into Equationl gives,

Q C1+ Cy
P, ontaneous — FohNoV — 5 15
Spont @ 0 4 C3 4+ Cy 4+ C5 + Cy ( )

where

Gy = V2P 15:281 )5 (A2P1/22251/2A2P3/21251/2Q2S1/222P1/2 + A2P1/22251/2Q251/212P3/2Q251/222P:s/2) , (16a)

Cp = V2P 5:281 5 (A2P1/21251/2A2P3/21251/2 Q251/212133/2 + A2P3/21251/2Q251/212P3/2 Q2131/21251/2) , (16Db)
Cs = A2P1/21251/2A2P3/21251/2 + A2P3/21251/2Q2S1/212P1/27 (16¢)
Cy= Q251/212133/2 Q21‘—’1/21251/2 + A2P1/21251/2 Q2P3/21251/2’ (16d)
Cs = Q251/222P1/2Q2Pg/21251/2 + Q2P1/21251/2Q2P:s/21251/2’ (16e)

Cs = Azp, 25, ,Qeg, ,2p,, + A2p, 25, Qzp, 25, ,-  (161)
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The luminous volume}/, is assumed to b& = mewdmew/él; dyiew = 1 mm in diameter and. e, =

10 mm depth of focusiVy is calculated by assuming that all the Z50 mg) is vaporized, is evenly distributed
in the test slug, and is evenly distributed over the viewirareeter,d,;..,. The solid angle is calculated by
considering the geometry of the optical setup. The fadtpr, due to non-ideal light transmission through the
lens, window, and band pass filter is 92.592.5/% x57.5%, referring to the beam path in Figuge The lens
and window are made of uncoated BK7 glass, and the Li lineg fdtan interference filter (ThorLabs FB670-
10). The spontaneous emissive power is converted into afpaid/,,,, by a photodetector. This relation is
expressed as

Vout = RMGPSpontaneousa (17)

whereR is the responsivity of the photodetectadt, is the factor gain from avalanche multiplication, adds
the transimpedance gain from the avalanche detector.

3.2 Spontaneous Emission Experiments

A spontaneous emission detector was constructed for essarihiree shots to investigate its usefulness as a
detector of transitional phenomena, (conditions foundabl&l, computed by the codes ESTC and NENZF
[35, 36]). The primary components that make up this emission datece the focusing lens, the fiber and the
photodetector (see Figu®. The probe point of interest is the boundary layer on a Sekegalf angle cone,
638 mm from the tip. A 250 mm focal-length lens, located 500 from the desired probe volume and 500 mm
from the 1 mm diameter fiber optic yields a magnification &fih the object plane. The photodetector in this
study is an amplified avalanche photodetector (ThorLabs HPB), which outputs an analog voltage to be
digitized by a 14-bit Ethernet oscilloscope at 100 MHz (€lscope CS328A-XSE).

Parameter hr (MJ/kg) Pr(MPa) Ts (K) Po (KP2) poo (Kg/MP)  Us (M/S)  Re“™ (1/m)

Shot 2666 8.61 72.6 1220 38.2 0.106 3820 1.11E+07
Shot 2667 10.3 52.2 1480 28.7 0.065 4150 6.47E+06
Shot 2668 10.5 51.8 1510 28.7 0.064 4190 6.25E+06

Table 1: Free-stream conditions table for the spontaneous e mission experiments.  hp and P are the reservoir enthalpy and
pressure. Too, Poo, poo, and U are the free-stream temperature, pressure, density, and ve  locity. Re¥?‘ is the unit Reynolds
number based on the free-stream conditions.

A summary of the results from the experiments (TaBleindicates that the measured temperatlig,;cq:,
calculated from run conditions plugged into Equatidndiffers from the calculated wall normal spatial average
temperature] g1, — 4vg, by less thari0%. The wall normal spatial averagEg;,— 4.4, is the average temperature
of the boundary layer, calculated from the transformedIaiity solution, assuming a power law approximation
for the viscosity-temperature relatioB7, 38]. This average must be weighted by the circular aperturéef t
fiber as,

T+ rf—:c2
TBL—Avg = 5 / / (y)dydz, (18)
pro e

rp—y/Ti—w2

wherer is the radius of the fiber and,,, ... = wr?. It is advantageous to think aboli;— 4., graphically

(Figureb), particularly how the boundary layer state will influenbe measurement. The outline of the fiber
in the object plane of the optical system is plotted in blatke laminar boundary layer temperature profile
(calculated) is plotted in blue and a perturbation from thisinar profile is sketched in red. This sketch is
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made emphasizing the typical flattening out of the boundaygr profile due to transition; however, it should
be noted that when a turbulent spot passes over the probiem rélge temperature profile will be fluctuating
with time. This fluctuating behavior of the transitional Indary layer profile is illustrated nicely in the figures

of [39].

Parameter UEdge (m/S) PEdge (kPa) TEdge (K) TBL*A’U\(] (K) TEcke'rt (K) TOptical (K) Std@Optical) (K)

Shot 2666 3790 55.3 1340 1780 2230 1900 65
Shot 2667 4100 41.1 1610 2160 2640 2220 26
Shot 2668 4140 41.1 1650 2220 2690 2100 36

Table 2: Boundary layer conditions table for the spontaneou s emission experiments.  Upqge, Prage, and Tgqq4. are the velocity,
pressure and temperature at the edge of the boundary layer ca Iculated from a Taylor-Maccoll solution. hr and Pgp are the
reservoir enthalpy and pressure.  Tpr,_ avg is the wall normal spatial average temperature in the bounda ry layer calculated from

the similarity solution.  Tgcer¢ iS the Eckert reference temperature.  Topticqr is the temperature calculated by using Equation 15
(the response in Figure 6, top)
Temperature (K)
0] 500 1000 1500 2000 2500
1.25
’ \!
g 0.75 /
z
2
0.5
0.25 \ /
—8.5 -0.25 0 0.25 0.5
Distance (mm)
Figure 5: The laminar boundary layer temperature profile (bl ue, calculated from the similarity solution), and the posit ion of the
image of the fiber (black) are overlaid to clearly present wha tis integrated in Equation  18. This calculation is performed for the
conditions in shot 2668. A perturbation to this base state (| aminar boundary layer temperature profile) is sketched in re d. This

qualitatively represents how transitional phenomena pert urb the measured temperature, Tgr_ Auvg-

The response of the photodetection technique during st&& @dgures, top) shows a signal that varies slightly
with time (standard deviation of 36 K with a spatial and temnap@verage of 2100 K). Between 1850 and
1925 us of the test time (Figuré, middle), there is a burst of response (highlighted in gretive spectral
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response (Figur6, bottom) during the green time-window has broad-band mespand is high relative to the
spectral response of the time-window highlighted in bludnisTdifference in response is characteristic of a
turbulent spot. Note that the measured temperatlitg;;..;, compares favorably to the calculated spatially
averaged boundary layer temperatifg;,— 4,4-

The repeatability of the technique seems to be fair, compashots 2667 and 2668 (these two shots have
nearly the same conditions). Shot 2668 was slightly hottan tshot 2667 (th&z1,— 4., Was5% higher);
howeverlp . differed fromT'sr,_ 4.4 in the opposite manner, withp,.i..; being higher on the cooler shot.
The systematic uncertainty in the measured temperatgye, .., from applying Equatiori5to the raw data is
found by considering the propagation of error asdi®H42]. The derivatives in

aTo 1ca 2 8To ica 2
uToptical = \/(Ul al;jl l) + + <ul 81,3 l> (19)

cannot be found analytically and are approximated by théefilifference method. Equatid® is not linear
with temperature, so to bound the error, the largest déresaf 75, With respect to each input,;, is cho-
sen. The largest sources of uncertainty are identified asoplical transmission correctidri;, the amount of
seeded lithiumV,, the solid angle?, the probe volumé/, the A;; coefficients, the quenching rat€gq, and
the vibrational relaxation time,y,. These (Tabl@®) uncertainties are estimated t®%l% confidence interval.

Input N() Vv Q FG Ail Qil TNy
Uncertainty ) 30 20 10 5 10 25 50

Table 3: Estimates of the systemic uncertainty in the input p arameters for Equation 15

The uncertainty in the amount of seeded lithiuivy, is based upon inspection of the raw traces of the pho-
todetector. The probe volume uncertainty, is an estimate based on ray tracing and the numerical apertu
of the fiber. Estimation of the uncertainty in the calculataf the solid angle§?, is from the measurements
of optical layout. Uncertainty in the non-ideal glass coti@n, £, is estimated by inspecting the appropriate
commercial vendor’s specification sheet. UncertaintAin is estimated by conservatively reviewing the data
in [21, 22]. The uncertainty in the calculation €};; is determined by reviewing the data @426] and how
the constants used from these data are applied to caladatigolving the flow in T5. The uncertainty in the
vibrational relaxation time of Nis the most difficult to bound. The uncertainty g, is found by inspecting
the data and results presentedaid,[28, 32, 33]. Particularly, p. 197 of27] describes the relaxation time obN
as extremely sensitive to impurities; for example %a ®ater vapor mixture is found to change the relaxation
time by a factor of 2. The seeded lithium may act as an impuaityeit the concentration is low( 0.3%

by mass). The uncertainty iy, is estimated by inspecting the data in the literature. Camgiall of the
uncertainties (Tabl8) as in Equatioril9 leads to an uncertainty df2% in the magnitude of p,ic.; With a
95% confidence interval. This estimation of systematic ungetappears as error bars in Figuee

4.0 LASER DIFFERENTIAL INTERFEROMETRY

Laser differential interferometry (reviewed 43, 44]) is an appropriate technique for use in T5 for a number of
reasons, but primarily because it is (relative to the sodtidechnique) insensitive to mechanical vibrations and
(relative to the shadowgraph technique) highly sensitivee optical setup (Figur@é) is arranged such that the
finite fringes are oriented at 45 degree angles to the corgeotlentation results in the examination of density
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Figure 6: From top to bottom: Raw, Filtered and Spectral Resp onse of the detection technique during shot 2668 (details of con-
ditions found in Table 2). In the top plot, the raw response is plotted to show the near constant irradiance on the photodetector.
The response fluctuates with time, standard deviation of 36 K during the run time. The raw response is band-pass filtered an d
presented in the middle plot to accentuate the periods of fluc tuation. On the bottom, the power spectral density (Welch Me thod,
A f =50 kHz), Overlap - 50 %) of color coded time windows.

gradients both normal and parallel to the surface of the.cone

A high-speed camera (76k FPS, 80104 pixels) is placed in the image plane for shot 2672 £ 10.6 MJ/kg,

pr = 49 MPa). Selected images from the experiment (Fi@)rare processed to improve contrast (each im-
age is subtracted from the RMS image) and show transitiealfes passing through the field of view. For
clarity, the flow is from left to right, the cone’s surface isirked by a white line, and a 1 mm length-scale and
time-stamp are provided. At first glance it appears thaktien length scale associated with the disturbance,
but this is merely the difference in sensitivity throughéinnge space in a finite fringe differential interfero-
gram. The surface mounted thermocouples do not registesignificant deviation from the predicted laminar
heat-flux level at the imaged location, indicating that tim@dged phenomena are turbulence precursors, rather

than turbulent spots of high intensity. This is encouragamgl a more sensitive device based on the principles
described in45-47] is being designed at the time of this writing.
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Figure 7: Schematic of the optical setup for Laser Different ial Interferometry in T5.

5.0 CONCLUSION

We have identified a need for a high-speed optical deteaicimique to measure transitional behavior in hyper-
velocity boundary layers. We have implemented two apprescitilizing optical detection: a point temperature
measurement by spontaneous emission and, a two-dimehsiwaging technique, laser differential interfer-
ometry. A model for the spontaneous emission of a trace g#seitboundary layer is used to quantitatively
interpret the detection output. The results indicate thattéchnique can be used to track turbulent bursts, but
cannot track linear wave packets. The systematic erroicedsd with the spontaneous emission technique is
large, primarily due to the uncertainty in the amount of Lithe test slug, and the prediction of vibrational
relaxation time of N. A laser differential interferometric technique is implented using high-speed video of

a segment of the boundary layer. The results of the LDI me#ttecencouraging, demonstrating the ability to
track turbulent precursors.
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Figure 8: Differential interferograms from Shot 2672 (  hr = 10.6 MJ/kg, pr = 49MPa). For clarity, the flow is from left to right,

the cone’s surface is marked by a white line, and a 1 mm length- scale/time-stamp are provided. The finite fringe spacing is
approximately 4 mm; this is the apparent faux structure in th e boundary layer.
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