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Krypton Tagging Velocimetry (KTV) is implemented in the flow immediately following
the incident shock wave in the Stevens Shock Tube. This is motivated by the long-term
goal of using KTV to measure velocity in large-scale impulse facilities. Two example cases
are presented in 99% N2/1% Kr at incident shock Mach numbers of 2.86 and 2.94. The
velocities as measured by KTV are, in general, higher than those calculated from the
shock-speed measurements. The discrepancy is most likely due to the misalignment of
splitter plate installed in the shock tube (an expansion fan likely accelerated the flow).
A new excitation scheme for KTV is used that results in a higher SNR as compared to
previous work. A justification of the alternate scheme is presented via a three energy level
model. An overview of the shock tube is given, and a model predicting the non-equilibrium
thermodynamic state of the gas immediately following the incident shock is presented.

Nomenclature

N = Population of energy state, (#)
T = Translational and rotational temperature, (K)
Q = Quenching rate of excited/re-excited state, (s−1)
b = Rate of stimulated emission, (s−1)
b′ = Rate of stimulated absorption, (s−1)
q = Specific quenching rate for excited state, (s−1)
A = Einstein A coefficient for transition, (s−1)
X = Mole fraction, (-)
P = Pressure, (torr)
a = Sound speed, (m/s)
u = Velocity, (m/s)
ρ = Density, (kg/m3)
γ = Ratio of specific heats, (-)
M = Mach number, (-)
t = Time, (s)
t0 = Time at end of read pulse (s)
R = Specific gas constant, (J/(kg K))
ev = Internal energy due to vibration , (J/kg)
eeqv = Equilibrium vibrational energy, (J/kg)
τ = Vibrational-relaxation time, (s)
h = Plank’s constant, (m2kg/s)
k = Boltzmann’s constant, (m2kg/(s2 K))
x = Distance behind shock, (m)
f = Frequency of emitted light, (Hz)
Ω = Collection solid angle, (sr)
V = Emitting volume, (m3)
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Subscript

m = Metastable state 5s[3/2]o2
r = Resonance state 5s[3/2]o1
e = Original excited/re-excited state 5p[3/2]2
e′ = Alternative re-excited state 5p[3/2]1
1 = Ahead of shock (driven section)
2 = Behind shock, relative to shock
4 = Driver section
s = Shock wave
2L = Behind shock, lab frame
2LF = Behind shock, lab frame, frozen property
2F = Behind shock, frozen property
ji = Transition between energy states j and i
jm = Transition between arbitrary excited/re-excited state j and metastable state 5s[3/2]o2
jr = Transition between arbitrary state excited/re-excited j and resonance state 5s[3/2]o1
em = Transition between states 5p[3/2]2 and 5s[3/2]o2
er = Transition between states 5p[3/2]2 and 5s[3/2]o1
e′m = Transition between states 5p[3/2]1 and 5s[3/2]o2
e′r = Transition between states 5p[3/2]1 and 5s[3/2]o1

I. Introduction

Non-intrusive techniques are becoming increasingly popular for making measurements in high-speed flows.
A laser pulse is often used to tag a region in the flow so that its evolution in time and space can be observed
because the tagged region is in some fashion different from its surroundings. This data can then be used to
determine flow properties such as the velocity.

The Laser Doppler Velocimetry (LDV) technique utilizes the Doppler shift effect to measure particle velocity.
An incident laser beam is directed into the flow at tracer particles. The beam is then scattered by the particles
and received by a detector. The difference in frequency of the incident and scattered beams can be processed
to yield the velocity of the particle.1 However, one significant disadvantage of this technique is that it can
only make point measurements in the flow. An additional drawback is that particle seeding is required.

Particle Image Velocimetry (PIV) is another laser-based velocimetry technique. The working principle is
that tracer particles are imaged in the flow and their displacement over a period of time is related to the
flow velocity. As far as application in impulse facilities, PIV was applied to the flow inside a shock tunnel
by Haertig et al.,2 where velocities of up to 2 km/s were measured with an accuracy of a few percent when
compared to the theoretical values.

PIV measurements rely on the assumption that the tracer particles travel with the same velocity as the flow.
An important factor in PIV is the dynamics of the injected particle relative to the flow. The parameters of
interest are the response time and the Stokes number. If these quantities are appropriate, the particle follows
the streamlines of the flow. In the supersonic regime, this is found to not be an issue by Wagner et al.,3

where the response time was determined to be 5.9 µs at relatively high densities. However, at low densities,
the dynamics of the particles can compromise PIV measurement accuracy, particularly at finer scales. Loth4

found that at low densities the Knudsen number of a particle can become large, which results in a slip
condition at the surface. This means that the particle can lag behind the local fluid velocity resulting in
uncertainty. Timing and seeding issues associated with PIV are technical in nature and may be addressed in
certain situations. However, reduced particle response is a fundamental limitation that may not be overcome
when attempting to apply PIV in certain flows.

An alternative laser velocimetry technique, tagging velocimetry,5 will be the focus of this paper. Tagging
velocimetry is typically performed in gases by tracking the fluorescence of a native, seeded, or synthesized gas.
In contrast to the limitations of implementing PIV techniques in high-speed facilities, the implementation
of tagging velocimetry is not limited by timing issues associated with tracer injection2 or reduced particle
response at Knudsen and Reynolds numbers4 typical of high-speed wind tunnels. Noted methods of tagging
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velocimetry include the VENOM,6–10 APART,11–13 RELIEF,14–18 FLEET,19, 20 STARFLEET,21 PLEET,22

argon,23 iodine,24, 25 sodium,26 acetone,27–29 and the hydroxyl group techniques,30–32 among others.33–37

This paper presents how Krypton Tagging Velocimetry (KTV) was applied to the flow behind the incident
shock in the Stevens Shock Tube. The goal was to assess the viability of the KTV technique for use in
large-scale impulse facilities. We present details on the experimental setup, the excitation scheme, and the
results.

II. Stevens Shock Tube

To assess the viability of the KTV technique in impulse facilities, a shock tube was designed and constructed
at the Stevens Institute of Technology. The goal is to create static thermodynamic conditions behind the
incident shock wave that are similar to those in the freestream in larger facilities, albeit at lower velocity
in the Stevens Shock Tube. This is to demonstrate that KTV may be implemented at new conditions, as
previous work has been performed in cold flows. The shock tube schematic is shown in Fig. 1. The end
section is part of the driven section but is made separate to allow for the installation and maintenance of
the four optical access ports, shown in Fig. 2. The diaphragm for the current experiments is 0.005” thick
aluminum. There is a piercing mechanism that ruptures the diaphragm, shown in Fig. 2. It is comprised of
a solenoid, a rod and a blade. Three pressure sensors are placed on the tube (P1, P2 and P3) are used to
find the shock speed. The port marked “intake” in Fig. 1 is where the gas mixtures are seeded into the tube.

Plunger      Diaphragm      Inflow                   Extra port                       P1                            P2                 P3     Extra port

Driver Driven End
1m 5m 1m

Windows/Plate

Figure 1: Schematic of the Stevens Shock Tube. The pipe is 6 inch nominal diameter, schedule 80.

Cover
Port

WindowPlate

Plate support

Window

SolenoidRodBlade

Figure 2: Left: Window ports and plate for laser diagnostics. Right: Diaphragm rupturing mechanism.

For a calorically-perfect gas, the expected Mach number of the shock wave as a function of the pressure ratio
and driver/driver gases in a shock tube is,

P4

P1

=
2γ1M

2
s − (γ1 − 1)

γ1 + 1

{

1−
γ4 − 1

γ1 + 1

a1
a4

(

Ms −
1

Ms

)

}

−2γ4
γ4−1

. (1)

Equation (1) is plotted in Fig. 3 for three different values of a4/a1, corresponding to air as the driven gas
and air, argon and helium as the driver gas, respectively. Using air as the driver and driven gas, several
runs were conducted at several pressure ratios (with the driver at atmospheric pressure) with the goal of
shaking down the Stevens Shock Tube. These results appear along the a4/a1 = 1 line in Fig. 3, and show
good agreement with uncertainty predicted as per Moffat,38

δR =

√

(
∂R

∂x1

δx1)2 + (
∂R

∂x2

δx2)2 + ...(
∂R

∂xn

δxn)2. (2)
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Shock mach number, Ms

1 2 3 4 5 6
P
4
/P

1

100

101

102

103

a4
a1

= 1
a4
a1

= 0.93
a4
a1

= 2.94

Figure 3: Pressue ratio vs shock Mach number for different driver gases.

From the experimental shock-speed data, we conclude that there is a sufficient level of control of conditions
in the shock tube to explore KTV viability over the parameter space of interest. Fig. 4 shows plots of the
pressure readings for incident shock Mach numbers of 1.06 and 3.00. In these cases, P1 was approximately
440 torr and 1 torr, respectively. Fig. 4 shows also shows the useful test time of≈1 ms when the measurements
will be made with KTV at the Ms = 3.00 case which creates static thermodynamic conditions that are similar
to that in a large-scale impulse facility.
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Figure 4: Pressure data. Left: Shock Mach number of 1.06. Right: Shock Mach number of 3.00.

III. Conditions Behind Shock Wave in N2

To predict the conditions behind the shock wave, a one-dimensional, shock-fixed, steady-state, thermal non-
equilibrium model was used. N2 dissociation was not considered. In the model, the working fluid was
assumed to be 100% N2; the 0.01 mole fraction of Kr was neglected. The following governing equations of
mass, momentum, and energy, were used following Anderson39 as

ρ2
du2

dx
+ u2

dρ2
dx

= 0, (3)

ρ2u2

du2

dx
+Rρ2

dT2

dx
+RT2

dρ2
dx

= 0, (4)

and

3.5R
dT2

dx
+ u2

du2

dx
+

dev
dx

= 0. (5)

Here, u2 is the velocity (in the shock-fixed frame), ρ2 is the density, and T2 is the transnational and rotational
temperature in region 2 (behind the shock). R is the specific gas constant, and ev is the internal energy due
to vibration. In Eqs. (3-5), the ideal gas law was used to remove the pressure as a variable. Again, following
Anderson,39 the change in vibrational energy was modeled as,

u2

dev
dx

=
eeqv − ev

τ
. (6)
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Here, eeqv is the equilibrium vibrational energy, which can be written as

eeqv =
hv

kT2

(

exp
(

hv
kT2

)

− 1
)RT2. (7)

Here, h is Plank’s constant, k is Boltzmann’s constant, and ν is the characteristic vibrational frequency. The
vibrational-relaxation time, τ , was modeled as in Millikan and White40 as

τP2 = exp
[

A(T−
1

3 − 0.015µ0.25)− 18.42
]

. (8)

Here, P2 is the pressure after the shock, A = 0.00116µ0.5(hv
k
)

4

3 and µ =
MWgas

2
. MWgas is the molecular

weight of the gas. The velocity in the lab frame, u2L, is given by

u2L = Ms

√

γRT1 − u2, (9)

and is the quantity that will be compared to KTV measurements. Here, T1 is the temperature in region 1
(driven section) of the shock tube. The equations above represent a system of differential equations. To aid
in their numerical solution, Eqs. (3-6) are re-written explicitly here as

du2

dx
=

ev − eeqv
τ(3.5RT2 − 2.5u2

2)
, (10)

dρ2
dx

=
ρ2(e

eq
v − ev)

τ(3.5RT2u2 − 2.5u3
2)
, (11)

dT2

dx
=

(RT2 − u2
2)(e

eq
v − ev)

τRu2(3.5RT2 − 2.5u2
2)
, (12)

and

dev
dx

=
1

u2

eeqv − ev
τ

. (13)

The initial conditions are calculated by the calorically-perfect normal-shock relations. Fig. 5 shows the
solution of the equations for a shock speed of 1030 m/s, P1 = 0.95 torr, and T1 was 300 K. These are
conditions from an example experiment where the highest shock speed was measured. The highest shock
speed case is of interest as a bounding case because it represents an instance for vibrational non-equilibrium

Normalized distance x
u2LF τF

10-2 10-1 100 101
0.98

0.99

1

1.01

1.02

1.03
u2L

u2LF

ρ2

ρ2F

T2

T2F

P2

P2F

Figure 5: Normalized conditions behind shock wave in N2 accounting for vibrational non-equilibrium.
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to alter the conditions after the incident shock. In Fig. 5, the flow properties have been normalized with
respect to their initial conditions, denoted by the subscript F , the frozen flow values. The distance after the
shock wave, x, was normalized with respect to a characteristic distance, u2LF τF , where τF is a characteristic
time scale and u2LF (frozen velocity in region 2 in the lab frame) is a characteristic velocity scale. As Fig. 5
shows, the properties do not change significantly behind the incident shock and the flow can be analyzed
as calorically perfect. Should the incident shock speed be increased further, this assumption will have to be
reassessed. In addition, as a check on the calculations, Cantera41 and the Shock and Detonation Toolbox42

were used to compute the conditions post shock. Cantera assumes local thermodynamic equilibrium, and
the present calculations at equilibrium match the Cantera results to less than 0.5%, bringing confidence to
that calculations.

IV. Krypton Tagging Velocimetry (KTV) Setup

Krypton Tagging Velocimetry (KTV), relative to other tagging velocimetry techniques, relies on a chemically
inert tracer. This property may enable KTV to broaden the utility of tagging velocimetry because the
technique can be applied in gas flows where the chemical composition is difficult to prescribe or predict.
The use of a metastable noble gas as a tagging velocimetry tracer was first suggested by Mills et al.43 and
Balla and Everheart.44 KTV was first demonstrated by Parziale et al.45, 46 to measure the velocity along
the center-line of an underexpanded jet of N2/Kr mixtures. In that work, pulsed tunable lasers were used
to induce fluorescence of Kr atoms that were seeded into the flow for the purposes of displacement tracking.
Following that work, Zahradka et al.47, 48 used KTV to make measurements of the mean and fluctuating
turbulent boundary-layer profiles in a Mach 2.7 flow. Recently, Mustafa et al.49 used KTV to measure
seven simultaneous profiles of streamwise velocity and velocity fluctuations in the incoming boundary layer
and immediately upstream of a 24-degree compression corner in a M∞ = 2.8, ReΘ = 1750, 99% N2/1% Kr
shock-wave/turbulent boundary-layer interaction.

The setup of the laser system is similar to that found in Zahradka et al.47, 48 It consists of four parts, the
write laser, the read laser, the camera and the controls. The controls presented a new challenge in the form
of the timing of the lasers and the camera with the passage of the shock while keeping the laser system
at operating temperature. As Fig. 6 shows, the lasers are controlled by the SRS DG 645 pulse generator.
This pulse generator is triggered by the combined signal from the SRS DS 345 function generator and the
SRS DG 535 pulse generator. The function generator outputs a 10 Hz pulse, and the SRS DG 535 pulse
generator outputs a pulse only when the amplified signal of P2 reaches a certain value. This happens when
the shock passes over P2 in the shock tube. Once the amplified P2 signal crosses the threshold, the SRS DG
535 outputs a pulse that triggers the SRS DG 645, which in turn triggers the lasers after a set delay. This
allows for making measurements a set time after the shock has passed over while keeping the laser system
at operating temperature. The BNC 577 pulse generator is used to activate the solenoid and rupture the
diaphragm. It is triggered by the SRS DG 645 with a set delay to ensure that the write laser pulse is roughly
90-100 ms after the previous laser pulse.

P2

SRS DS 345 

Function 

Generator

BNC 577 Pulse 

Generator

SRS DG 535 

Pulse 

Generator

SRS DG 645 

Pulse Generator

SRS SR 560 

Amplifier

SRS SR 560 

Amplifier

Solenoid Lasers

Figure 6: Schematic of timing/wiring for KTV in Stevens Shock Tube.
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V. Alternative Re-Excitation Scheme

It is desirable to create the brightest fluorescence possible to capture the highest quality images when using
a tagging velocimetry technique. To this end, we propose an alternative re-excitation scheme that results in
approximately twice as much fluorescence as the original one used by Zahradka et al.47, 48 In this proposed
excitation scheme, the read laser pulse will be used to excite the 5s[3/2]o2 to 5p[3/2]1 transition, as opposed
to the 5s[3/2]o2 to 5p[3/2]2 transition. The fluorescence that will be imaged is from the 5p[3/2]1 → 5s[3/2]o1
transition on the read step. A schematic is shown in Fig. 7, where A, B, C, and D represent the relevant
transitions.

4p6(1S0)

5p[3/2]25p[3/2]1

5s[3/2]o1

5s[3/2]o2

B: 819.0 nm

A: 760.2 nm

C: 769.5 nm

D: 829.8 nm

21
4.
7
n
m

E
n
er
g
y

Figure 7: Energy diagram for alternate re-excitation scheme. Racah nl[K]J notation, A, B, C and D represent
the transitions between the states.

The alternative scheme is performed in the following three steps. The third step is what differs from the
original scheme.

1. Seed a base flow with krypton globally.

2. Photosynthesize metastable krypton atoms with a pulsed tunable laser to form the tagged tracer: two-
photon excitation of 4p6(1S0) → 5p[3/2]2 (214.7 nm) and rapid decay to resonance state 5p[3/2]2 →

5s[3/2]o1 (819.0 nm, transition B) and metastable state 5p[3/2]2 → 5s[3/2]o2 (760.2 nm, transition A). We
estimate that the creation of the metastable atoms which comprise the “write line” takes approximately
50 ns.50 The position of the write line is marked by the fluorescence from the 5p[3/2]2 → 5s[3/2]o1
transitions (819.0 nm, transition B), and is recorded with a camera positioned normal to the flow.

3. Record the displacement of the tagged metastable krypton by imaging the laser induced fluorescence
(LIF) that is produced with an additional pulsed tunable laser: excite 5p[3/2]1 level by 5s[3/2]o2 →

5p[3/2]1 transitions with laser sheet (769.5 nm, transition C) and read spontaneous emission of 5p[3/2]1 →
5s[3/2]o1 (829.8 nm, transition D) transitions with a camera positioned normal to the flow.

VI. KTV Model

To justify the alternative strategy outlined in the previous section, a three energy level model is presented
here (Fig. 8). State r is the resonance state 5s[3/2]o1 whose population is given by Nr, state m is the
metastable state 5s[3/2]o2 whose population is given by Nm and state j is the excited state whose population
is given by Nj . The variable j may refer to the 5p[3/2]1 or 5p[3/2]2 energy level. The goal of the model is
to determine Nr(t), Nm(t), and Nj(t). This will allow for the calculation of the parameter NjAjr(t), which
is proportional to the SNR. Eckbreth51 states the signal of a fluorescence technique, F , can be calculated as

F = hfNjAjrΩV/(4π) (14)
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r: 5s[3/2]o1 m: 5s[3/2]o2

j: 5p[3/2]o2 or 5p[3/2]o1

b′ jr b j
r

Q
jr

A
ij
r

b′ jm b j
m

Q
jm

A
jm

Figure 8: Three level model of energy states of krypton. We denote the excited state as j, the resonance
state as r, and the metastable state as m.

where h is Planck’s constant, f is the frequency of emitted light, N is the population, A is the Einstein
coefficient, Ω is the collection solid angle, and V is the emitting volume.

The model will be broken into two parts: 1) when the read-laser pulse is on; and 2) when the read-laser
pulse is off (which is when the fluorescence is recorded by the camera). The governing equations for the
populations are the same for both parts of the model, except the excitation-rate constant is set to zero when
the laser is off. For simplicity, we will assume that all else but the excitation strategy is the same (A vs. C.
in Fig. 7). Following Fig. 8, we can write differential equations that govern the populations as

dNr

dt
= −Nrb

′

jr +Ni(bjr +Ajr +Qjr), (15)

dNm

dt
= −N2b

′

jm +Ni(bjm +Ajm +Qjm), (16)

and,

dNj

dt
= Nrb

′

jr +Nmb′jm −Nj(bjr +Ajr +Qjr + bjm +Ajm +Qjm). (17)

This system can be put in matrix form Ẋ = AX as

˙





Nr

Nm

Nj






=







−b′jr 0 (bjr +Ajr +Qjr)

0 −b′jm (bjm +Ajm +Qjm)

b′jr b′jm −(bjr +Ajr +Qjr + bjm +Ajm +Qjm)













Nr

Nm

Nj






(18)

This is a system of first order linear ODEs who’s solutions is

X = c1E1e
λ1t + c2E2e

λ2t + c3E3e
λ3t. (19)

Here, λ1,2,3 are the eigenvalues of matrix A, E1,2,3 are the corresponding eigenvectors and c1,2,3 are the
constants of integration. The constants of integration are determined using the initial conditions at t = 0
(start of read pulse) which are Nr0 = Nj0 = 0, and Nm0

= 1, and in the second part of the model, the initial
conditions are the populations at the end of the first part of the model; that is, Eqs. (19) are solved twice,
once during the read-laser pulse, and once immediately following read-laser shutoff. The relevant values
for the Einstein coefficients were found from the NIST lines database. The value for the re-excitation rate
is calculated as b′jm = B′

jmIν/c, where Iν is the incident laser intensity per unit frequency interval. The

value of Qji was determined using the data presented in Hsu et al.,52 and assumed to be the same for either
excitation strategy as

Qji = P

[

XN2
qN2

(

T

294

)nN2

+XO2
qO2

(

T

294

)nO2

+XCO2
qCO2

(

T

294

)nCO2

]

. (20)
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Here, XN2
, XO2

, and XCO2
are the mole fractions of the species in the mixture, and qN2

, qO2
, qCO2

, nN2
,

nO2
, and nCO2

are constants given in Hsu et al.52 The values used in the model calculations are listed in
Table 1.

Table 1: Transition Data. Note that j is the upper level, i is the lower level.

Transition Wavelength Aji Bji B′
ji

gji

gij
bji b′ji

(j-i) nm s−1 m

kg

m

kg
- s−1 s−1

A (e−m) 760.15 3.1× 107 8.17× 1020 8.17 × 1020 1 3.8× 1020 3.8× 1020

B (e− r) 819. 1.1× 107 3.6× 1020 6.05 × 1020 5

3
0 0

C (e′ −m) 769.45 5.6× 106 1.53× 1020 9.18 × 1019 3

5
7.21 × 1010 4.33× 1010

D (e′ − r) 829.81 3.2× 107 1.09× 1021 1.09 × 1021 1 0 0

The model developed above can be used to calculate the fluorescence signal resulting from a given gas mixture,
thermodynamic state, read-laser pulse-intensity/duration, and re-excitation scheme. Fig. 9 illustrates the
population dynamics of the old and the new re-excitation schemes. The re-excitation saturates quickly at
10−15 s in both cases. Note that the fluorescence is imaged only after the end of the read pulse by gating
the camera. Also note that the 5s[3/2]1 level is more quickly populated with the new re-excitation scheme,
which is an indicator of higher fluorescence.

Time since read pulse (s)
10-20 10-15 10-10 10-5

N

10-2

10-1

100

End of read pulse →

Populations of energy states

5s[3/2]1
5s[3/2]2
5p[3/2]2

Time since read pulse (s)
10-20 10-15 10-10 10-5

N

10-2

10-1

100

End of read pulse →

Populations of energy states

5s[3/2]1
5s[3/2]2
5p[3/2]1

Figure 9: Populations of energy level with respect to time from beginning of read pulse. Note the saturation of
the re-excitation transition. Left: Original re-excitation scheme. Right: Alternate re-excitationon scheme.

Fig. 10 (left) shows a plot of the fluorescence signal (NjAjr) from states e (5p[3/2]2) and e′ (5p[3/2]1), which
represent the anticipated fluorescence from the old and new re-excitation schemes, respectively. Note that
the only difference is the re-excitation wavelength. The fluorescence imaged by the camera is proportional to
the integral of NjAjr from the the end of the read pulse. The ratio of the fluorescence from the alternative
scheme to the original scheme, FSR, is

FSR =

∫ t0+50 ns

t0
Ne′Ae′rdt

∫ t0+50 ns

t0
NeAerdt

. (21)

The value of this integral as evaluated in MATLAB using the solution of the system of ODEs given in
Eq. (18) is shown in Fig. 10 (right) for a 99% N2 and 1% Kr mixture. These properties are representative
of the conditions in the tube during the experiments. The result indicates that the fluorescence from state
e′ to state r (new re-excitation scheme) is approximately twice as large as the fluorescence from state e to
state r (old re-excitation scheme); thus, the alternative excitation scheme is advantageous because of higher
SNR. Moreover, the switch in re-excitation schemes required no addition equipment changes other than the
read-laser wavelength (old: 760.2 nm to new: 769.5 nm).
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Time since read pulse
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N
j
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jr
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← End of read pulse← End of read pulse NeAer

Ne′Ae′r

0 20 40 60 80 100
Pressure (torr)

2.2
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2.4
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2.7

2.8

2.9

3
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S

R
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Temperature (K)

Figure 10: Left: Fluorescence comparison of the new and old re-excitation schemes. Right: FSR ratio vs.
pressure (temperature fixed at 750 K) and FSR ratio vs. temperature (pressure fixed at 1 torr).

VII. Results

The freestream velocity behind the shock was measured with the KTV technique. All experiments were
performed using a mixture of 99% N2 and 1% Kr. This mixture was seeded into the shock tube via the
intake port (see Fig. 1) from pre-mixed K-bottles. The pressure was maintained by simultaneously seeding
the mixture into the tube and running the vacuum pumps. After the desired pressure was achieved, the
diaphragm was ruptured and then the write and read locations were imaged with the camera. Three KTV
lines were written with approximately 0.5 mJ/pulse each and the read-laser wavelength was 769.5 nm, with
the rest of the setup similar to that in recent KTV work.49

During the experiment it was observed that the splitter plate was misaligned in pitch; unfortunately, nothing
could be done to fix this as of this writing. To calculate u2LF (for comparison with KTV results), it was
assumed that the misalignment accelerated the flow via a Prandlt-Meyer expansion fan, as shown in Fig. 11.

Induced Flow
Accelerated Flow

Plate

Expansion Fan

Figure 11: Acceleration of flow due to plate misalignment.

A value of 5 degrees was determined by measurement for the misalignment angle; so, a range of values for
u2LF was calculated assuming the flow was expanded by up to 5 degrees. The conditions of the two shots
carried out (shot 50 and shot 51), along with the values of u2LF , T2F , and τF calculated using Ms, and the
value of u2L measured from KTV are presented in Table 2.

10 of 14

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
E

R
SI

T
Y

 o
n 

A
ug

us
t 3

, 2
01

7 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

01
7-

38
97

 



Table 2: Conditions and results of shots 50 and 51.

Shot P1 P2 Ms T2F τF u2LF u2L

(Measured) (Measured) (Measured) (Calc from Ms) (Calc from Ms) (Calc from Ms) (Measured from KTV)

(#) (Torr) (Torr) (-) (K) (s) (m/s) (m/s)

50 1.3 12.55 2.86 750 36.33 740-820 700-850

51 0.95 9.95 2.94 780 35.78 760-840 800-910

The KTV images for shots 50 and 51 are shown in Fig. 12 and Fig. 13. The image on the left is immediately
after the write pulse, the image in the center is immediately after the read pulse, and the figure on the right
shows the velocity results. The KTV velocity profiles are shown in black and the range of values of u2LF is
shown in red, as calculated from the shock speed measurement and the Prandtl-Meyer expansion. In each
KTV exposure, three KTV lines were written and read 1.1 µs apart.

100 200 300 400 500 600 700 800 900 1000
0

5

10

15

20

25

30

Velocity (m/s)

S
p
a
n
w
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D
is
ta
n
ce
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m
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Figure 12: Shot 50 KTV results. Left: Exposure of three KTV lines after write pulse. Tick marks are
millimeters. Inverse intensity scale. Center: Exposure of three KTV lines after read pulse. Tick marks are
millimeters. Inverse intensity scale. Right: Velocity distribution. Black dots indicate KTV data. Horizontal
bars indicate uncertainty in the KTV data. Red region depicts range of u2LF values as calculated from the
shock speed measurement and the Prandtl-Meyer expansion.
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Figure 13: Shot 51 KTV results. Left: Exposure of three KTV lines after write pulse. Tick marks are
millimeters. Inverse intensity scale. Center: Exposure of three KTV lines after read pulse. Tick marks are
millimeters. Inverse intensity scale. Right: Velocity distribution. Black dots indicate KTV data. Horizontal
bars indicate uncertainty in the KTV data. Red region depicts range of u2LF values as calculated from the
shock speed measurement and the Prandtl-Meyer expansion.

Shot 50 was the first experiment to show success, though the SNR is low. This was due to a complication
with the write laser (old dye). For shot 51, the results appear more promising, although, this was the last
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experiment performed before the solenoid that punctures the diaphragm failed. Regardless, shot 51 shows
that KTV can likely be used in an impulse facility.

VIII. Conclusion

With the long-term goal of showing that KTV may be used in a large-scale impulse facility, we intended to
sweep a parameter space by measuring profiles of velocity on a flat plate behind the incident shock in the
Stevens Shock Tube. Although this goal was not achieved due to the failure of the rupturing mechanism
during our testing period, promising data was recorded for several shots, two of which were described in this
paper. Of particular note is that KTV was used for the first time at elevated temperature. As calculated
from the shock-speed measurements, the temperature was in the range of 750-800 K.

In addition to the KTV results, we presented and justified a new re-excitation scheme for KTV which required
no addition equipment, yet increased the SNR by a factor of approximately 2. This model will need further
verification with experimental data. This verification data can be had from future experimental work with
an underexpanded jet and the Stevens Shock Tube.
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