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Hydroxyl tagging velocimetry (HTV) involves tagging a flow by “writing” a line of OH
molecules using a laser beam to dissociate H20 molecules and capturing an image of the line
after a short delay using laser-induced fluorescence. Velocity is obtained by a time-of-flight
analysis of the data. In this effort, HTV was used for obtaining both instantaneous and average
velocity profiles in the flow of an augmented spark igniter. Two modes of camera readout were
investigated, called conventional full-frame mode and dual image feature (DIF) mode. In DIF
mode, two images are captured in quick succession and therefore the measurement has low
sensitivity to vibration. Measurement uncertainty for the DIF case varied from 3% at the
centerline to 10% at the edges of the profile in a 1000-m/s flow. For the full-frame case,
measurement uncertainty varied from 3% at the centerline to 7% at the edges. This
demonstration provides evidence that the HTV technique is well suited for obtaining velocity
profiles in the challenging environment of either a rocket engine or rocket engine igniter.

I. Nomenclature

ASI = augmented spark igniter

b = y-intercept of linear fit of HTV tag line,

DIF = dual image feature

HTV = hydroxyl tagging velocimetry

ICCD = intensified charge coupled device

m = slope of linear fit to OH tag line

SNR = signal-to-noise ratio

X = horizontal coordinate of HTV image

y = vertical coordinate of HTV image

o = standard deviation of displacement in tag line
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I1. Introduction

Current space exploration interests are returning to the Moon as well as a manned mission to Mars. Extensive
development and testing of rocket engines are needed to achieve these goals and improved measurement methods are
desired. Exhaust velocity is a critical parameter for characterizing rocket engine performance [1,2,3], yet few methods
exist for performing plume velocity measurements due to the hostile high-temperature environment. Accurate
measurements of plume conditions are essential for anchoring computer models that are needed to reduce development
costs of present and future engines.

Traditional methods of measuring flow velocities are not suitable for rocket plumes because of the extreme
temperatures and velocities. Physical probes such a pitot tubes or hot wires may quickly erode. Conventional laser
velocimetry techniques, such as particle imaging velocimetry and laser Doppler velocimetry, are challenged as well
due to a lack of sufficient seed particles, large background emission levels, beam steering due to shock waves and
severe turbulence, and extreme acoustic noise [4,5]. Particles that could be used for velocity techniques may exist
naturally, but they are typically low in number concentration, and their concentrations may be unreliable [6]. In
addition, at velocities of rocket plumes, which can be thousands of meters per second, particle motion is often not a
good representation of fluid motion due to particle lag [5,7,8]. In this paper, we demonstrate a laser velocimetry
method for high-speed flows related to rocket engines that does not rely on particles.

Hydroxyl tagging velocimetry (HTV) was developed at Vanderbilt University for characterizing flows that contain
H,0 via photodissociation of vibrationally exited H,O into OH and H molecules [9, 10]. Because it does not rely on
particles and the OH tag persists at high temperature, it is especially well suited for high-speed high-temperature flows.

Because HO is naturally present as a combustion product in the plumes of hydrogen- and hydrocarbon-fueled
rockets, the method is attractive for studying the exhaust flow from these types of engines [11]. OH lifetimes are
typically on the order of microseconds or longer for most of the combustion conditions relevant to rocket engine
environments (i.e., fuel-rich, near stoichiometric) [6]. Here we demonstrate the technique in methane-oxygen
combustion products issuing from an augmented spark igniter (ASI).

I11. Technique

A conceptual drawing of the HTV technique applied to an ASI is shown in Figure 1. In step 1, a pulse from a
193-nm laser is focused to write a line of OH into the flow by dissociating H2O. In step 2, the tagged region of the
flow is interrogated by a second pulse from a 283-nm laser after a finite delay. The 283-nm beam is formed into a
sheet that overlaps with and excites fluorescence from the OH tagged line. A planar image of this fluorescence pattern
is captured by an intensified charge coupled device (ICCD) camera at a wavelength band centered at 308 nm. A filter
with a center wavelength of 310 nm and FWHM bandpass of 10 nm was used to reject background radiation from
combustion in the measurement zone that might otherwise interfere with the measurement of the tag lines. In step 3,
raw images of the fluorescence are processed to obtain velocities in the flow by curve fitting the observed tag lines to
obtain the displacement between the read and write pulses and performing a time-of-flight analysis. The result is an
instantaneous, spatially resolved velocity measurement. The main components are the read laser, write laser, camera,
beam steering optics, and collection optics.
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Figure 1. Hydroxyl tagging velocimetry applied to an augmented spark igniter.

IV. Experimental

The HTV measurement system consisted of two laser systems, a camera, and various optics. These were arranged
to perform measurements on a rocket engine igniter test article. A description of the HTV measurement system is
given below in section A and a description of the test article is given in section B. Discussion of the processing
methods, hardware, software, diagnostic tools, services, etc. used in this paper is solely for informational purposes
and not an endorsement by the authors, their employers, or the publisher.

A. HTV Measurement System

The optical system consisted of mirrors and lenses to deliver the 193-nm write laser beam and the 283-nm read
laser sheet and to the measurement zone. A diagram of the HTV system is shown in Figure 2. The 193-nm beam was
produced by an excimer laser (Lambda Physik COMPex 150), focused to a diameter of approximately 1 mm at the
measurement location. The read laser consisted of a dye laser (Continuum Vista) pumped by a pulsed Nd:YAG laser
(Continuum Powerlite 9010) at 532 nm with a pulse energy of about 350 mJ. The fundamental output beam of the dye
laser had a wavelength of 566 nm and was produced using Rhodamine 590 dye, which was sent into a second harmonic
generator (SHG) to produce the read laser wavelength of 283 nm, suitable for exciting fluorescence from OH radicals
in the flow. The 283-nm read laser beam was formed into a sheet approximately 6 mm in height and 0.5 mm in
thickness and directed across the exit of the ASI test article. This arrangement allowed the 266-nm sheet to be
coincident with the interrogating line of OH created by the write laser at 193 nm. Planar laser-induced fluorescence
images of OH were obtained with an intensified charge coupled device (ICCD) camera (Princeton Instruments
PIMAX4) using a UV lens (Nikkor 105-mm f/4.5 UV). A 10-nm bandpass filter centered at 310 nm (Edmund Optics
#34-980) was used on the camera lens to block all light except the OH fluorescence.
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Figure 2. Experimental layout of the HTV measurement system.

The 283-nm sheet was directed horizontally across the jet, centered 14 mm above the exit, which was
approximately 12 mm in diameter. The 193-nm write beam was directed to lie within the plane of the laser sheet, as
shown in Figure 3, at an angle of 15° to the horizontal. The ICCD camera imaged the laser sheet from a distance of
0.42 m normal to the sheet.
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Figure 3. Laser beam and sheet intersection for HTV on an augmented spark igniter.

B. Test Article: Augmented Spark Igniter

The ASI test article selected for this HTV demonstration can be a critical component of a space mission since it
can determine not only the success of the mission but also the safety of the crew. Ignition of a liquid rocket engine
involves producing a series of electric discharges (sparks) though a mixture of fuel and oxidizer gases within the small
ASI chamber [12,13]. The mixture ratio of the gases must be within the range of flammability during the limited
window of time that sparking occurs. Once the propellants in the ASI are successfully lit, the resultant combustion
gases travel through a torch tube to light the larger flow of propellants in the main combustion chamber of the liquid
rocket engine.

The ASI chosen as the test bed for our HTV system was a NASA device that was investigated in a parallel effort
with other diagnostics [14,15,16,17]. A conceptual diagram with approximate dimensions of the exit plane of the ASI
torch tube with its outer annulus is shown in Figure 4. The combustion products from a lean methane-oxygen mixture
flow from the central tube while pure methane flows through the outer annulus. At some distance downstream of the
torch tube, the annular flow of pure methane is expected to mix and burn with the exterior portion of the lean
combustion products exiting from the core flow, creating an even hotter diffusion flame around the core flow. Recent
experiments involving schlieren imaging with flowing oxygen have enabled the temporal and spatial characteristics
of the upstream spark discharge over a range of flow conditions and gap geometries [15]. The velocity measurements
to be described in this current research were made downstream of the ASI torch tube using HTV to characterize the
flow.
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Figure 4. Conceptual drawing of exit plane of ASI Figure 5. ASI in operation

V. Results and Discussion

A. Velocity Profiles

Spatially resolved measurements of velocity were obtained from the raw data taken in the ASI flow by assuming
that the direction of motion was confined to the flow axis, which is the vertical axis of the images. This is a reasonable
approximation since the measurements were taken near the jet exit in the core flow, where the streamlines should be
essentially parallel with the axis of the jet in this high-speed flow. A computer program written in Matlab was used to
process the data to compute velocities using a one-dimensional time-of-flight analysis. Briefly, the code fits a straight
line to the undelayed image and uses this as a reference to compute velocity from the delayed image assuming vertical
displacements. The code generates a line representing the tagged region of the delayed image based on a Gaussian fit
in the vertical dimension to obtain the peak location for each column of pixels.

An example case is shown in Figure 6, which contains plots from the graphical user interface of the 1D MTV code
written in Matlab. In part (a), a frame-averaged image of the undelayed tag line is shown with the linear curve fit to
the data displayed as a yellow dashed line. Part (b) shows the frame-averaged delayed image corresponding to a 2-us
delay. The red line in part (b) is the deformed line obtained by curve fitting each column of pixels to a Gaussian
function near the tagged region and obtaining the maximum of each Gaussian. Both frame averaged and instantaneous
images were processed this way to obtain velocity profiles for two flow conditions of the ASI, one more fuel rich than
the other. The case presented in Figure 6 was the rich condition.
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Figure 6. Raw images obtained using full-frame mode in the ASI flow, rich condition, showing (a) the frame-
averaged undelayed image, and (b) the frame-averaged image after a delay of 2 ps.

Velocity profiles obtained from four experimental runs at the rich condition, including the run shown in Figure 6
(Test 17), are shown in Figure 7. The center of the profile corresponds to a height of 13.9 mm above the nozzle.
However, since the write beam was at an angle of 15° with respect to the horizontal, the height of the measurement
location varied from 11.6 mm above the nozzle exit plane on the left side of the image to 16.2 mm above it on the
right side. Since the diameter of the tag line is about 1 mm, the spatial variations in velocity along the horizontal axis
have been smoothed with a spatial cutoff frequency of 1 mm* to be consistent with the spatial resolution in the vertical
dimension. The profiles from run to run can be seen to be consistent and all runs for the rich condition exhibit a dual-
peak profile. The shape of the profile indicates acceleration in the annular shear layer where lean combustion products
from the core flow mix with fuel flowing through the outer annulus, where high reaction rates are expected. The peak
magnitudes are seen to be as high as 1400 m/s, with the flow on the centerline being 800 to 1000 m/s. Some variability
in the velocity magnitudes of the peaks can be seen from run to run, but the magnitudes for a given run are consistent
on both sides of the centerline.
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Figure 7. Frame-averaged velocity profiles obtained Figure 8. Frame-averaged velocity profiles in the
in the ASI flow for four runs at the rich condition. ASI flow for two runs at the lean condition.

Velocity profiles from frame-averaged images obtained at the lean condition are shown in Figure 8. These profiles
are also consistent from run to run but they have a different shape than those of the rich condition, as the strong peaks
in the shear layer are absent and the profile is much flatter. Also, the velocities are seen to be somewhat lower than
for the rich condition, with a maximum of about 1200 m/s.



Five velocity profiles obtained for the rich condition on a per-laser-shot basis are shown in Figure 9 and another
five from the same run are shown in Figure 10. The image acquisition rate was limited by the laser and was 10 Hz,
corresponding to a frame-to-frame interval of 100 ms. Since the laser pulse duration was 10 ns and the camera gate
width was 200 ns, these profiles can be considered instantaneous. The total steady-state run time of the ASI was about
2 seconds for this run, during which about 20 profiles were obtained. The instantaneous profiles show more variability
than the averaged profiles, both in spatial distribution and magnitude. This is to be expected since the flow is highly
turbulent.
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Figure 9. Instantaneous velocity profiles of frames  Figure 10. Instantaneous velocity profiles of frames
26 — 29 and 31 of Test 17 obtained with the camera 32 and 34 — 37 of Test 17 obtained with the camera
in full-frame mode in the ASI flow for the rich in full-frame mode in the ASI flow for the rich
condition. condition.

B. Uncertainty Analysis

An analysis was performed based on using the uncertainty of the zero-delay line to estimate the uncertainty of the
velocity measurement. This differs from other methods to measure the uncertainty in molecular tagging velocimetry
(MTV) that are based on measuring a uniform velocity flow with MTV and assuming any variation from the uniform
velocity value is the uncertainty [18].

The shot-to-shot variation in line fits were obtained for a given series of zero-delay images similar to that of Figure
6 (a) for 25 frames of an experimental run in the ASI flow. The horizontal range selected of pixel 150 to pixel 400
was based on what part of the image significant signals were observed. Images obtained in both full-frame and DIF
camera readout modes were analyzed. In both cases, the spread in y-values was found to be greater at the edges of the
range, which follows from the fact that the signal is lower there.

The variation in displacement due to the fits can be characterized by the standard deviation of the fit as a function
of the x-coordinate. The standard deviation for a given x-value is defined as

a(x) = (v —(yN?) (1)
where v is the fitted line for a given zero-delay frame, given by
y=mx+b 2

where m and b are the slope and intercept, respectively. The angle brackets in Equation (1) indicate the mean over all
frames. Substituting Equation (2) into Equation (1), carrying out the multiplication, and simplifying, we get

o(x) = \/(mz)xz + 2(mb) — (m)2x2 — 2(m)}{b)x + (b%) — (b)2. 3)

Equation 3 was used to compute the standard deviation in the fit as a function of x for this case. The results are shown
for both camera readout modes in Figure 11.
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Figure 11. Standard deviation in the linear fit to the zero-delay tag line for HTV images obtained in the ASI
flow for the rich condition, comparing full-frame and DIF readout modes.

Figure 11 shows the same standard deviation of 1.1 pixels in the center of the profile for both camera readout
modes. However, it increases significantly toward the edges of the profile for both modes, and more so for the DIF
mode than the full-frame mode. In general, the signal intensities in the DIF images were about 40% lower than for the
full-frame images due to the shorter readout time, leading to a lower signal-to-noise ratio (SNR). Over the useful x-
coordinate range, the displacement error is within 2.2 pixels for the full-frame case and within 3.3 pixels for the DIF
case. For this experimental setup, the scaling factor was 43 um/pixel in both the x and y directions. This corresponds
to an error in the zero-delay tag line of 47 um, 95 um, and 142 pum for the centerline, edge with full-frame, and edge
with DIF cases, respectively.

The displacement errors for the delayed tag lines are not as straightforward to compute. As a first approximation,
we assume they are the same as for the undelayed lines. In this case, for a 2-us delay, the corresponding velocity errors
are given in Table 1. The advantage in measurement precision for the full-frame mode should be weighed against the
benefits of immunity to vibration for DIF mode. For the present ASI test article, it was obvious that vibration was not
an issue, as the line fits to the undelayed images revealed that there is little variation from shot-to-shot.

Table 1. Estimated HTV errors in the ASI flow for a 2-us delay.

Velocity error at Velocity error at
centerline (m/s) edges (m/s)
Full-frame mode 34 66
DIF mode 34 99

The velocities measured in the present experiments were on the order of 1000 m/s, so the estimated errors of 34,
66, and 99 m/s in Table 1 correspond to about 3%, 7%, and 10% of this value. These uncertainties may be considered
reasonable for a high temperature supersonic flow that is difficult to probe experimentally. However, the uncertainty
could be improved by reducing the diameter of the write beam. The 1-mm diameter in the current experiments was



relatively large compared to the fluid dynamic scales, which hinders the measurement in two ways. First, if the laser
energy is spread out over a large cross-sectional area, the intensity tends to be less than ideal, resulting in a low fraction
of H,O molecules being dissociated and thus a low OH tag concentration. Second, the uncertainty in the position of
the tag line is directly proportional to the width of the line, thus a smaller diameter leads to better measurement
precision. In the current effort, it was not possible to focus the beam to a diameter of less than 1 mm due to the large
divergence of our aging laser. Future researchers would be well advised to use a write beam that can focus a beam to
less than a few hundred microns. A typical commercially available excimer laser has a beam divergence of less than
1 mrad, in which case for our setup the diameter of the write beam would have been less than 300 um, which would
have greatly improved the measurement precision.

The ability to locate an MTV line is also directly related to the SNR of the line measured. Previous work has
shown that one needs at least an SNR of 4 to locate the MTV line and more than 4 does not give much improvement
[19,20]. In the current research, SNR values were limited primarily by background OH and low signal levels and
were generally less than 4, often being on the order of 2 or less. The 1.1-pixel uncertainty obtained in Figure 11 is
consistent with the findings of Ramsey and Pits [20], who reported uncertainties of 0.5 pixels for SNR values of
around 2.

V1. Conclusion

A version of hydroxyl tagging velocimetry has been developed for application to liquid rocket engine exhausts. A
prototype HTV system was designed, constructed, and demonstrated in the flow from an augmented spark igniter. The
system consisted of a 193-nm write laser pulse that produces a line of OH molecules to tag the flow by dissociating
H>0 molecules, which are typically present in the exhaust of a liquid rocket engine as well as many other combustion
devices. The tagged line is interrogated a few microseconds later by a 283-nm read laser pulse in the form of a light
sheet that is imaged by a gated camera. Laser-induced fluorescence from the tag line of OH provides a marker of the
flow, from which the displacement can be measured to obtain velocity. Using two laser systems, a gated camera, and
optics, both instantaneous and averaged velocity profiles were obtained in the ASI flow for both rich and lean operating
conditions. Two modes of camera readout were investigated, including the conventional full-frame mode, in which
one image was obtained every 100 ms, and dual image feature mode, in which pairs of images having a separation of
as little as 1.5 us were obtained every 100 ms. It was found that in DIF mode the signal was reduced compared to full-
frame mode, resulting in a lower signal-to-noise ratio. This led to a greater measurement uncertainty for the DIF case,
which varied from an estimated 34 m/s at the centerline to 99 m/s at the edges of the profile. In comparison, the full-
frame case was found to have a measurement uncertainty varying from 34 m/s at the centerline to 66 m/s at the edges.
Although DIF mode resulted in some reduction in measurement precision, it would be useful in applications where
there is a high level of vibration, such as on a large rocket engine, since the undelayed and delayed images could be
guaranteed to have the same spatial reference. However, vibration was not an issue for the ASI device test in this
effort, thus full-frame mode was the preferred approach. Focusing of the write beam was limited by the large beam
divergence of the 193-nm laser used, producing a beam waist of 1 mm diameter. A smaller waist should produce a
greater OH tag concentration, leading to greater SNR and higher measurement precision. This demonstration provides
evidence that the HTV technique is well suited for obtaining velocity profiles, both averaged and instantaneous, in the
challenging environment of a rocket engine or rocket engine igniter.
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