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ABSTRACT

Measurement of the phenomena associated with hypervelocityboundary 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-wall slender 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 high-enthalpy facilities have been performed
[5–8]; yet, detailed measurements of the character of the disturbances formed as a result of this acoustic wave
guide have not been made. Data from cold hypersonic facilities (reservoir enthalpy:hR < 2 MJ/kg) indicate
that the most strongly amplified frequency of the acoustic instability is typically below 500 kHz [3, 9, 10]. In
high-enthalpy facilities (mass specific reservoir enthalpy:hR = 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 higher,∼1-3 MHz [6, 7, 11]. These time scales eliminate piezo-electric pressure transducers,
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 for the optical measurement of transitional bound-
ary layer phenomena. One method introduces trace amounts ofa seed gas with a strong oscillator strength
(namely, lithium for its D1 and D2 spectral lines) into the test gas and tracking the spontaneous emission of the
seed gas from the boundary layer; the rate of spontaneous emission is related to the temperature of the gas and,
thus, indicates temperature transients. A second method ofoptical detection of transitional phenomena is also
presented, high speed differential interferometry.

2.0 FACILITY

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

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 aluminum piston is loaded into the compression tube/secondary
reservoir junction. A thin mylar secondary diaphragm is inserted at the nozzle throat at the end of the shock
tube adjoining the test section, and a primary diaphragm (stainless steel, 7 mm thick) is inserted at the com-
pression tube/shock tube junction. The test section, shocktube and compression tube are taken to vacuum.
The shock tube is filled with the test gas, N2 in the present study, to∼85 kPa. The compression tube is filled
with a He/Ar mixture to∼100 kPa and the secondary reservoir is filled with air to∼10 MPa. The air in the
secondary reservoir is released, driving the piston into the compression tube. This piston motion adiabatically
compresses the driver gas of the shock tunnel to the rupture pressure of the primary diaphragm (∼100 MPa).
Following the primary diaphragm rupture, a shock wave propagates into the shock tube, is reflected off the end
wall, breaks the secondary diaphragm, and re-processes thetest gas. The test gas is then expanded through a
converging-diverging contoured nozzle to Mach≈5.5 in the test section.
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3.0 SPONTANEOUS EMISSION DETECTION

This method entails introducing trace amounts of a seed gas with a strong line-strength (vaporized lithium, in
this case) to the test gas, and focusing the spontaneous emission from a point of interest onto a fiber-coupled
photodetector (Figure2). Typically in fluid dynamics work, the light emission is stimulated to produce a
measurand, as in [12–16]. Due to the high temperatures and densities available in T5, it is possible to detect
the spontaneous emission from the seed gas. We show that spontaneous emission can be used as an indicator
of local temperature, and fluctuations associated with boundary layer transition on a slender body at high
speed. A model relating the local temperature of the gas to the emissive power of the gas (measured by the
photodetector) and the edge pressure on the cone (calculated from 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 heated gasis formulated following the development in [17].
In its ground state, lithium has the electronic configuration: 1s2 2s1, and in its first excited state has the electron
configuration:1s2 2s0 2p1. The term symbol for the ground state is2S1/2 ; the first electronically excited state
is split and has the term symbols:2P1/2 and2P3/2 [18–20]. Let the population density of each state be:N2S1/2

,
N2P3/2

andN2P1/2
. The rate constants for absorption areb2S1/2:

2P3/2
andb2S1/2:

2P1/2
; the rate constants for

stimulated emission areb2P3/2:
2S1/2

andb2P1/2:
2S1/2

. The spontaneous emission rate constants are the Einstein
A coefficients: A2P3/2:

2S1/2
andA2P1/2:

2S1/2
. The collisional quenching rate constants are:Q2P3/2:

2S1/2
and

Q2P1/2:
2S1/2

. The excitation rate constants are:Q2S1/2:
2P3/2

andQ2S1/2:
2P1/2

. The energies associated with
photo-ionization are quite high relative to the conditionsin T5, so this process is not included in the current
model. The relevant processes are shown connecting the ground state to the excited states in Figure3. The
spontaneously emissive power from the first split excited state of lithium is,

PSpontaneous = FGV
Ω

4π

(

hν2P3/2
N2P3/2

A2P3/2
+ hν2P1/2

N2P1/2
A2P1/2

)

, (1)
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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, andν2P3/2
andν2P1/2

are the frequencies of the emitted light.V is the volume of
luminous gas,FG is the correction factor attributed to non-ideal transmission through glass, andΩ is the collec-
tion solid angle. We are considering only spontaneous emission, so thatb2S1/2:

2P3/2
, b2S1/2:

2P1/2
,b2P3/2:

2S1/2

andb2P1/2:
2S1/2

are zero, and the rate equation for the population density ofeach state is given by

dN2S1/2

dt
= −N2S1/2

Q2S1/2:
2P3/2

−N2S1/2
Q2S1/2:

2P1/2
+N2P3/2

(A2P3/2:
2S1/2

+Q2P3/2:
2S1/2

)+

N2P1/2
(A2P1/2:

2S1/2
+Q2P1/2:

2S1/2
),

(2)

dN2P3/2

dt
= N2S1/2

Q2S1/2:
2P3/2

−N2P3/2
(A2P3/2:

2S1/2
+Q2P3/2:

2S1/2
) (3)

and

dN2P1/2

dt
= N2S1/2

Q2S1/2:
2P1/2

−N2P1/2
(A2P1/2:

2S1/2
+Q2P1/2:

2S1/2
). (4)

Adding Equations2, 3 and4 yields

dN2S1/2

dt
+

dN2P3/2

dt
+

dN2P1/2

dt
=

d

dt

(

N2S1/2
+N2P3/2

+N2P1/2

)

= 0. (5)

This result leads to
N2S1/2

+N2P3/2
+N2P1/2

= N0, (6)

whereN0 is the total population of lithium atoms, assuming only the first split excited state can be excited at
conditions in T5. The values for theA2P3/2:

2S1/2
andA2P1/2:

2S1/2
, are found in [20–22]. Following [17] and

[23], the quenching rate constants are
Qa:b =

∑

niσivi, (7)
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where

vi =

(

8kbT

πµ

)1/2

, (8)

ni is the number density of the de-activating species,σi is the cross section for the quenching species i,µ is the
reduced mass of the colliding species,kb is Boltzmann’s constant, andvi is the relative velocity. The deactivat-
ing species is assumed to be only N2, the test gas in the current experiment. This is a good assumption, as the
mass fraction ofN in the free-stream is less than 0.6% for the current shot series. The cross sections used in
the calculations are tabulated in [24–26].

The excitation rate constants are calculated by assuming fast electronic-vibrational energy transfer between Li
and N2; this results in the electronic excitation temperature of Li always equaling the vibrational temperature
of N2. According to [27–29], the conversion of translational energy to electron excitation energy is improbable.
Atoms are relatively massive and slow-moving compared to the electrons being excited. Particularly on p. 230
of [27], “On the Landau-Teller principle, energy transfer is unlikely when the duration of a collision is much
greater than the period of the oscillation being excited. The duration of a collision between atoms is usually
taken as10−13 seconds, while the frequency corresponding to electronic transitions is around5 ∗ 1014 per sec-
ond.”This thought process was utilized in a technique called line reversal where researchers typically used trace
amounts of Na to track the vibrational temperature of a shockheated gas in nonequilibirum gasdynamic studies
[27, 28]. They state that the likely process of electronically exciting Na is

Na(2S) + N2(v
′′ = 7, 8) → Na(2P ) + N2(v

′′ = 0), (9)

where seven or eight vibrational quanta from the N2 are transferred to the Na. The process is likely similar in
lithium,

Li(2S) + N2(v
′′ = 6, 7) → Li(2P ) + N2(v

′′ = 0), (10)

where six or seven vibrational quanta from the N2 are transferred into the Li. Thus, the effective excitation
time of the lithium is assumed to be equal to the vibrational relaxation time of N2, because of this near-resonant
relationship [25, 26, 28, 30, 31]. The vibrational relaxation time of N2 is calculated with a simplified form of
the Landau-Teller model,

τN2
=

C exp(K2/T )
1/3

pedge
, (11)

whereC andK2 are tabulated constants andpedge is the pressure at the edge of the boundary layer [32–34].
MATLAB’s built in function, ode15s (a turn-key stiff IVP solver), is used to compute the numerical solutions
to the coupled differential Equations2, 3 and4 (Figure4(a)and Figure4(b)). These solutions are presented in
terms lithium atom fraction. The calculations indicate that the response time is on the order of the fastest rate
(quenching) and the number of excited atoms is dependent on the slowest rate (vibrational excitation).
For long times relative to the quenching process (of order10 ns) the population densities will reach a steady
state, that is,

dN2S1/2

dt
=

dN2P3/2

dt
=

dN2P1/2

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 ion in (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 upper states can be calculated by assuming collisional
excitation is balanced by spontaneous emission and collisional quenching,

N2P3/2
=

N2S1/2
Q2S1/2:

2P3/2

(A2P3/2:
2S1/2

+Q2P3/2:
2S1/2

)
, (13)

and

N2P1/2
=

N2S1/2
Q2S1/2:

2P1/2

(A2P1/2:
2S1/2

+Q2P1/2:
2S1/2

)
. (14)

The population ofN2S1/2
can be eliminated algebraically from Equations13 and14 with Equations2, 3, 4, 6

and12. Substituting the population number densities (N2P3/2
andN2P1/2

) into Equation1 gives,

PSpontaneous = FGhN0V
Ω

4π

C1 +C2

C3 + C4 +C5 + C6

, (15)

where

C1 = ν2P1/2:
2S1/2

(

A2P1/2:
2S1/2

A2P3/2:
2S1/2

Q2S1/2:
2P1/2

+A2P1/2:
2S1/2

Q2S1/2:
2P3/2

Q2S1/2:
2P3/2

)

, (16a)

C2 = ν2P3/2:
2S1/2

(

A2P1/2:
2S1/2

A2P3/2:
2S1/2

Q2S1/2:
2P3/2

+A2P3/2:
2S1/2

Q2S1/2:
2P3/2

Q2P1/2:
2S1/2

)

, (16b)

C3 = A2P1/2:
2S1/2

A2P3/2:
2S1/2

+A2P3/2:
2S1/2

Q2S1/2:
2P1/2

, (16c)

C4 = Q2S1/2:
2P3/2

Q2P1/2:
2S1/2

+A2P1/2:
2S1/2

Q2P3/2:
2S1/2

, (16d)

C5 = Q2S1/2:
2P1/2

Q2P3/2:
2S1/2

+Q2P1/2:
2S1/2

Q2P3/2:
2S1/2

, (16e)

C6 = A2P1/2:
2S1/2

Q2S1/2:
2P3/2

+A2P3/2:
2S1/2

Q2P1/2:
2S1/2

. (16f)
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The luminous volume,V , is assumed to beV = Lviewπd
2
view/4; dview = 1 mm in diameter andLview =

10 mm depth of focus.N0 is calculated by assuming that all the Li (750 mg) is vaporized, is evenly distributed
in the test slug, and is evenly distributed over the viewing diameter,dview. The solid angle is calculated by
considering the geometry of the optical setup. The factor,FG, due to non-ideal light transmission through the
lens, window, and band pass filter is 92.5%×92.5%×57.5%, referring to the beam path in Figure2. The lens
and window are made of uncoated BK7 glass, and the Li line filter is an interference filter (ThorLabs FB670-
10). The spontaneous emissive power is converted into a potential, Vout, by a photodetector. This relation is
expressed as

Vout = RMGPSpontaneous, (17)

whereR is the responsivity of the photodetector,M is the factor gain from avalanche multiplication, andG is
the transimpedance gain from the avalanche detector.

3.2 Spontaneous Emission Experiments

A spontaneous emission detector was constructed for a series of three shots to investigate its usefulness as a
detector of transitional phenomena, (conditions found in Table1, computed by the codes ESTC and NENZF
[35, 36]). The primary components that make up this emission detector are the focusing lens, the fiber and the
photodetector (see Figure2). The probe point of interest is the boundary layer on a 5 degree half angle cone,
638 mm from the tip. A 250 mm focal-length lens, located 500 mmfrom the desired probe volume and 500 mm
from the 1 mm diameter fiber optic yields a magnification of 1× in the object plane. The photodetector in this
study is an amplified avalanche photodetector (ThorLabs APD110A), which outputs an analog voltage to be
digitized by a 14-bit Ethernet oscilloscope at 100 MHz (Cleverscope CS328A-XSE).

Parameter hR (MJ/kg) PR (MPa) T∞ (K) P∞ (kPa) ρ∞ (kg/m3) U∞ (m/s) Reunit
∞

(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. hR and PR are the reservoir enthalpy and
pressure. T∞, P∞, ρ∞, and U∞ are the free-stream temperature, pressure, density, and ve locity. Reunit

∞
is the unit Reynolds

number based on the free-stream conditions.

A summary of the results from the experiments (Table2), indicates that the measured temperature,TOptical,
calculated from run conditions plugged into Equation15, differs from the calculated wall normal spatial average
temperature,TBL−Avg, by less than10%. The wall normal spatial average,TBL−Avg, is the average temperature
of the boundary layer, calculated from the transformed similarity solution, assuming a power law approximation
for the viscosity-temperature relation [37, 38]. This average must be weighted by the circular aperture of the
fiber as,

TBL−Avg =
1

Aprobe

∫ rf

−rf

∫ rf+
√

r2f−x.2

rf−
√

r2f−x.2
T (y)dydx, (18)

whererf is the radius of the fiber andAprobe = πr2f . It is advantageous to think aboutTBL−Avg graphically
(Figure5), particularly how the boundary layer state will influence the measurement. The outline of the fiber
in the object plane of the optical system is plotted in black.The laminar boundary layer temperature profile
(calculated) is plotted in blue and a perturbation from thislaminar profile is sketched in red. This sketch is

RTO-MP-AVT-200 24- 7
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made emphasizing the typical flattening out of the boundary layer profile due to transition; however, it should
be noted that when a turbulent spot passes over the probed region, the temperature profile will be fluctuating
with time. This fluctuating behavior of the transitional boundary layer profile is illustrated nicely in the figures
of [39].

Parameter UEdge (m/s) PEdge (kPa) TEdge (K) TBL−Avg (K) TEckert (K) TOptical (K) std(TOptical) (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. UEdge, PEdge, and TEdge are the velocity,
pressure and temperature at the edge of the boundary layer ca lculated from a Taylor-Maccoll solution. hR and PR are the
reservoir enthalpy and pressure. TBL−Avg is the wall normal spatial average temperature in the bounda ry layer calculated from
the similarity solution. TEckert is the Eckert reference temperature. TOptical is the temperature calculated by using Equation 15
(the response in Figure 6, top)
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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 t is integrated in Equation 18. This calculation is performed for the
conditions in shot 2668. A perturbation to this base state (l aminar boundary layer temperature profile) is sketched in re d. This
qualitatively represents how transitional phenomena pert urb the measured temperature, TBL−Avg .

The response of the photodetection technique during shot 2668 (Figure6, top) shows a signal that varies slightly
with time (standard deviation of 36 K with a spatial and temporal average of 2100 K). Between 1850 and
1925µs of the test time (Figure6, middle), there is a burst of response (highlighted in green); the spectral
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response (Figure6, bottom) during the green time-window has broad-band response and is high relative to the
spectral response of the time-window highlighted in blue. This difference in response is characteristic of a
turbulent spot. Note that the measured temperature,TOptical, compares favorably to the calculated spatially
averaged boundary layer temperature,TBL−Avg.

The repeatability of the technique seems to be fair, comparing shots 2667 and 2668 (these two shots have
nearly the same conditions). Shot 2668 was slightly hotter than shot 2667 (theTBL−Avg was5% higher);
howeverTOptical differed fromTBL−Avg in the opposite manner, withTOptical being higher on the cooler shot.
The systematic uncertainty in the measured temperature,uToptical

, from applying Equation15 to the raw data is
found by considering the propagation of error as in [40–42]. The derivatives in

uToptical
=

√

(

u1
∂Toptical

∂u1

)2

+ ...+

(

ui
∂Toptical

∂ui

)2

(19)

cannot be found analytically and are approximated by the finite difference method. Equation15 is not linear
with temperature, so to bound the error, the largest derivative of TOptical with respect to each input,ui, is cho-
sen. The largest sources of uncertainty are identified as: the optical transmission correctionFG, the amount of
seeded lithiumN0, the solid angleΩ, the probe volumeV , theAi1 coefficients, the quenching ratesQi1, and
the vibrational relaxation time,τN2

. These (Table3) uncertainties are estimated to a95% confidence interval.

Input N0 V Ω FG Ai1 Qi1 τN2

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 lithium,N0, is based upon inspection of the raw traces of the pho-
todetector. The probe volume uncertainty,V , is an estimate based on ray tracing and the numerical aperture
of the fiber. Estimation of the uncertainty in the calculation of the solid angle,Ω, is from the measurements
of optical layout. Uncertainty in the non-ideal glass correction,FG, is estimated by inspecting the appropriate
commercial vendor’s specification sheet. Uncertainty inAi1 is estimated by conservatively reviewing the data
in [21, 22]. The uncertainty in the calculation ofQi1 is determined by reviewing the data in [24–26] and how
the constants used from these data are applied to calculations involving the flow in T5. The uncertainty in the
vibrational relaxation time of N2 is the most difficult to bound. The uncertainty inτN2

is found by inspecting
the data and results presented in [27, 28, 32, 33]. Particularly, p. 197 of [27] describes the relaxation time of N2
as extremely sensitive to impurities; for example, a 2% water vapor mixture is found to change the relaxation
time by a factor of 2. The seeded lithium may act as an impurity, albeit the concentration is low (∼ 0.3%
by mass). The uncertainty inτN2

is estimated by inspecting the data in the literature. Combining all of the
uncertainties (Table3) as in Equation19 leads to an uncertainty of12% in the magnitude ofTOptical with a
95% confidence interval. This estimation of systematic uncertainty appears as error bars in Figure6.

4.0 LASER DIFFERENTIAL INTERFEROMETRY

Laser differential interferometry (reviewed in [43, 44]) is an appropriate technique for use in T5 for a number of
reasons, but primarily because it is (relative to the schlieren technique) insensitive to mechanical vibrations and
(relative to the shadowgraph technique) highly sensitive.The optical setup (Figure7) is arranged such that the
finite fringes are oriented at 45 degree angles to the cone; this orientation 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,
∆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, 800×104 pixels) is placed in the image plane for shot 2672 (hR = 10.6 MJ/kg,
pR = 49 MPa). Selected images from the experiment (Figure8) are processed to improve contrast (each im-
age is subtracted from the RMS image) and show transitional features passing through the field of view. 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 and
time-stamp are provided. At first glance it appears that there is a length scale associated with the disturbance,
but this is merely the difference in sensitivity throughoutfringe space in a finite fringe differential interfero-
gram. The surface mounted thermocouples do not register anysignificant deviation from the predicted laminar
heat-flux level at the imaged location, indicating that the imaged phenomena are turbulence precursors, rather
than turbulent spots of high intensity. This is encouraging, and a more sensitive device based on the principles
described in [45–47] 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 detection technique to measure transitional behavior in hyper-
velocity boundary layers. We have implemented two approaches utilizing optical detection: a point temperature
measurement by spontaneous emission and, a two-dimensional imaging technique, laser differential interfer-
ometry. A model for the spontaneous emission of a trace gas inthe boundary layer is used to quantitatively
interpret the detection output. The results indicate that the technique can be used to track turbulent bursts, but
cannot track linear wave packets. The systematic error associated with the spontaneous emission technique is
large, primarily due to the uncertainty in the amount of Li inthe test slug, and the prediction of vibrational
relaxation time of N2. A laser differential interferometric technique is implemented using high-speed video of
a segment of the boundary layer. The results of the LDI methodare encouraging, 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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