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Amass flux sensor based on line-of-sight diode laser absorption of water vapor is designed, constructed, and tested

in a low-speed wind tunnel in anticipation of subsequent use in supersonic test facilities. Water vapor absorption is

monitored to capitalize on its presence in air and in combustion-driven facilities as well as the availability of fiber-

coupled diode lasers that access the 2�1, 2�3, and �1 � �3 absorption bands near 1.4microns.Mass flux is determined

from the product of measured velocity and density. Velocity is obtained from the relative Doppler shift of an

absorption transition for beams directed upstreamanddownstream in theflow. Temperature is determined from the

ratio of absorption signals of two transitions and is coupled with a facility pressure measurement to obtain density.

The sensor exploits wavelength-modulation spectroscopy with second-harmonic detection (wavelength-modulation

spectroscopy-2f ) for large signal-to-noise ratios. Optimization of the modulation for 1f -normalized wavelength-

modulation spectroscopy-2f (wavelength-modulation spectroscopy-2f=1f ) signals for velocity sensing is presented

for the first time. Criteria to select the absorption transitions are presented and the spectroscopic parameters of the

needed database are determined with laboratory measurements. Using this database, the measurement of

temperature is validated within 1% of thermocouple measurements in a heated cell. The velocity measurements are

validated from 2:5–18 m=s with a measurement uncertainty of�0:5 m=s in a high-uniformity wind tunnel.

Nomenclature

a = frequency modulation depth, cm�1

c = speed of light in vacuum, m=s
E00 = lower state energy of absorption transition, cm�1

f = modulation frequency, Hz
�Io = average laser intensity
io = linear intensity modulation amplitude
L = path length, cm
m = modulation index
N = exponent for pressure broadening coefficient

temperature dependence
P = pressure, atm
S = linestrength, cm�2=atm
T = temperature, K
� = spectral absorbance
� = pressure broadening coefficient at half-width

half-maximum, cm�1=atm
�� = frequency shift, cm�1

��HWHM = transition half-width at half-maximum
� = crossing half-angle between two beams for Doppler

shift measurement
� = density, kg=m3

� = optical frequency, cm�1

�� = average laser frequency, cm�1

�o = transition linecenter frequency, cm�1

� = lineshape function
 1 = linear intensity-frequency phase shift, rad

I. Introduction

T UNABLE diode laser absorption spectroscopy (TDLAS)
provides a robust, noninvasive measurement diagnostic for the

harsh environments commonly experienced in high-speed or
combusting propulsion flows. Gas parameters such as mole fraction,
temperature, and velocity can be determined accurately with TDLAS
while minimizing disturbance to the test environment. Wavelength-
modulation spectroscopy (WMS) has long been used to improve the
signal-to-noise of TDLAS measurements; the literature is vast and
we direct the reader to reviews of the theory and experimental
methods of WMS in [1–5]. TDLAS sensing with WMS has been
proven in a wide variety of high-temperature and high-speed condi-
tions [6], ranging from scramjet ground test facilities [7] to shock-
heated flows [8], when conditions are sufficiently uniform along the
measurement line-of-sight. TDLAS sensing of mass flux was first
explored by Philippe and Hanson [9], patented for thrust measure-
ments in 1993 [10], and used for practical measurements in a
commercial turbofan (PW6000) inlet at Pratt andWhitney [11] and a
full-scale Pratt and Whitney F-100 engine in an open ground test
stand at the NASA Dryden Flight Research Center [12].

TDLAS measurements pass collimated laser light through an
absorbing gas, and the variation of transmitted intensity with wave-
length is comparedwith spectralmodels to determine gas parameters.
Implementation of diode laser sensing is conceptually simple, only
requiring optical access to the test gas and a laser wavelength-
scanned over the range of an absorption transition. Themeasurement
is a path integral of light attenuation along the laser beam path, and
thus measurements of a flow without a uniform temperature and gas
mixture require care in selecting absorption lines that minimize the
influence of nonuniformities. To determine velocity, the laser beams
are typically directed upstream and downstream in the flow, with a
scan range sufficient to capture the Doppler shift of the absorption
lineshapes. Tuning and modulation of the diode laser wavelength
is normally achieved by varying the diode injection current. For
wavelength-scanned WMS, a high-frequency sinusoid is super-
imposed upon the lower-frequency scan signal. Detecting the absorp-
tion signal at the second harmonic of the high-frequency modulation
with a lock-in amplifier allows rejection of the high-frequency noise
and detection on a near-zero background, thereby providing a large
increase in signal-to-noise ratio.

Mass flux is an important parameter in air-breathing propulsion,
and is used in calculations of inlet and combustor performance as
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well as thrust and drag. Measurement of mass flux can aid in
propulsion test facility operation and provide test conditions to more
accurately evaluate engine performance. The sensor described in this
paper is designed for ultimate use to measure mass flux in a high-
temperature, supersonic flow in a combustion-driven facility, where
hypersonic flight conditions are produced by expansion of hot, high-
pressure air. In such facilities, the gas is typically vitiated (heated by
combustion of hydrogen with oxygen-replenishment). The use of
H2O as the target species in the gas allows the sensor design to exploit
mature telecommunications diode lasers in the 1:4 �m region,which
can access the 2�1, 2�3, and �1 � �3 absorption bands of water vapor.
Combustion product water vapor was used for TDLAS direct
absorption measurements to determine velocity, temperature and
density in a scramjet combustor nearly a decade ago [13]. The current
sensor builds on the work of Lyle et al. [11] in which TDLAS of O2

was used to make alternating measurements of density using
wavelength-scanned direct absorption and velocity using WMS-2f.
The sensor reported here extends this work to include recent
developments in calibration-free WMS-2f temperature sensing
[3,14,15] for simultaneous temperature and velocity measurements.
The methodology for temperature and velocity measurements using
WMS-2f will be discussed in detail. The sensor architecture will
also be discussed, absorption transitions selected, and finally a
prototype sensor assembled and tested in a wind tunnel at Stanford
University with the aim of establishing sensor performance in low-
speed flows. In a subsequent publication, spatially and temporally
resolved measurements obtained with this mass flux sensor in a
supersonic combustion-driven facility at NASA Langley Research
Center (Direct Connect Supersonic Combustion Test Facility) will
be presented, as well as a discussion of the influences of flow
nonuniformity.

II. Theory

A. WMS-2f Spectroscopy

Although the fundamentals of WMS-2f have been studied
extensively [1–5,14–16], we reproduce enough of the theory to
define terms and allow the reader to understand the details of the
sensor design. Our nomenclature follows that of [3,14–16]. The laser
drive signal consists of a high-frequency sinusoid superimposed on a
lower-frequency wavelength scan. In practice it is preferable to use a
sine wave for the low-frequency scan to avoid adding higher
harmonics of this scan frequency to the signal. The instantaneous
laser frequency and intensity are governed by:

��t� � ���t� � a cos�2�ft� (1)

I0�t� � �I0�t� � i0 cos�2�ft�  1� (2)

In Eq. (1), ���t� is the laser frequency [cm�1] averaged over the
modulation (with time dependence due to the slow-scan), f is the
modulation frequency [Hz], and a is the modulation depth [cm�1]. In
Eq. (2), �I0�t� is the laser intensity averaged over the modulation
(again with time dependence due to the slow-scan), i0 is the linear
intensity modulation amplitude, and  1 is the linear phase shift
between intensity and frequency. The nonlinear intensitymodulation
terms have been omitted as they tend to be insignificant at moderate
modulation depths [16]. To successfully model the WMS signal, the
parameters a, i0, and  1 must be known. These parameters are
specific to a given laser current, temperature, and modulation
frequency and must be measured each time these values change. The
specifics of these measurements are given in more detail by Li et al.
[16] and will not be covered here. The transmitted intensity It is
governed by the Beer–Lambert relation:

It � I0 exp������� � I0 exp��SPxiL��� (3)

where I0 is the incident intensity, � is the spectral absorbance, S is the
linestrength [cm�2=atm],P is the static pressure [atm], xi is the mole
fraction of the absorbing species, L is the path length [cm], and �� is

the lineshape function at frequency �. Equations (1–3) can now be
combined to express the transmitted intensity for WMS:

It�t� � � �I0�t� � i0 cos�2�ft�  1�� exp���� ���t� � a cos�2�ft���
(4)

If the slow-scan time dependence is neglected, this function is even
and can be expanded using the Fourier cosine series:

exp���� ��� a cos�2�ft��� �
X1
k�0

Hk� ��; a� cos�2�kt� (5)

H0� ��; a� �
1

2�

Z
�

��
exp

�
�PiL

X
j

Sj�j� ��� a cos����
�
d� (6)

Hk� ��; a� �
1

�

Z
�

��
exp

�
�PiL

X
j

Sj�j� ��� a cos����
�
cos�k�� d�

(7)

The spectral absorbance has now been expressed as in Eq. (3),
where Pi is the partial pressure of the absorbing species, Sj is the
linestrength of absorption feature j, and �j is the lineshape of

absorption feature j. The parameters �� and �I0 are the laser frequency
and intensity averaged over the modulation at the midpoint of the
slow-scan. The signal for transmitted intensity then passes through a
lock-in amplifier, which consists of a mixer and a low-pass filter. The
mixer multiplies the detected signal by two sinusoids of equal and
arbitrary phase, producing an X and Y component:

X2f �
G �I0
2

�
H2 �

i0
2
�H1 �H3� cos 1

�
(8)

Y2f ��
G �I0
2

�
i0
2
�H1 �H3� sin 1

�
(9)

where G, the detector gain, now appears in these equations. The 2f
signal is given by the root-sum-square of the two components:

S2f �
���������������������
X2
2f � Y2

2f

q
(10)

In calibration-free WMS, the 1f signal is used to remove the
detector gain and average laser power [14–16]. Following the same
procedure, the 1f signal can be calculated:

X1f �
G �I0
2

�
H1 �

i0
2

�
H0 �

H2

2

�
cos 1

�
(11)

Y1f ��
G �I0
2

�
i0

�
H0 �

H2

2

�
sin 1

�
(12)

R1f �
���������������������
X2
2f � Y2

2f

q
(13)

The 1f-normalized 2f signal is now described by Eqs. (6–13), and
the necessary parameters can be divided into two classes: laser
modulation parameters a, i0, and  1, and spectroscopic parameters
Sj and �j. The linestrength is solely a function of temperature, while
the lineshape is amore complicated function of both temperature and
pressure.

B. Density Measurement Methodology

Density is determined from the sensor-measured temperature and
the facility pressure measurement. The 1f-normalized WMS-2f
signal can be modeled once the laser modulation and spectroscopic
parameters described in the previous section have been measured.
The temperature dependence of this signal is embedded in the Hi

terms of Eqs. (6) and (7). The linestrength is solely a function of
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temperature. The lineshape function, most commonly modeled with
the Voigt profile, requires knowledge of the Doppler- and pressure-
broadened half-widths. TheDoppler contribution to the linewidth is a
function of temperature and physical constants and does not need to
bemeasured experimentally. The pressure-broadened contribution to
the linewidth depends on broadening coefficients which must be
measured (if not already known) as a function of temperature
and composition. Equations (6–13) will be used to model the
1f-normalized 2f signal, and the measured values will be compared
with these simulations to infer temperature. This technique has been
demonstrated to measure temperatures with 3% uncertainty in
[14,15]. Coupling the sensor-measured temperaturewith an indepen-
dent pressure measurement, the density � [kg=m3] is determined
from the ideal gas equation:

P� �RT (14)

where P is the pressure in Pa, R is the universal gas constant for the
gas mixture in J=kgK, and T is the temperature in K.

C. Velocity Measurement Methodology

If a component of flow velocity exists parallel to a beam path, an
absorption feature will experience a frequency shift of its linecenter
�� [cm�1] given by:

��=�o �Uparallel=c (15)

This Doppler shift is dependent on the unshifted linecenter
frequency �o [cm

�1], the speed of light c [m=s], and the component
of bulk velocity parallel to the beam path Uparallel [m=s]. A crossed
beam setup as shown in Fig. 1 is typically used to obtain the relative
frequency shift. Equation (15) now becomes a function of crossing
angle �, and it can be seen from the following equation thatmaximum
velocity resolution is obtained as the angle is maximized

��=�o � 2 sin � � U=c (16)

Previous measurements of hypersonic velocities have applied this
approach using direct absorption of water vapor and potassium [17]
or nitric oxide [18]. Sensing of velocity via O2 [9,11,19] has shown
that WMS-2f can provide an improvement in measurement
precision and resolution. The resolution of the velocitymeasurement
is dependent on the linecenter frequency, crossing angle, and the
smallest frequency shift that can be measured. For a constant sample
rate and scan rate, the frequency shift detection limit increases with

laser scan amplitude since the laser must scan farther in frequency
between data points. These larger scan amplitudes are necessary to
resolve the lineshape of pressure-broadened features. The resolution
of the 2f=1f lineshape for a sensor sampling at 5 MHz with a slow-
scan frequency of 250Hz and scan range of 0:35 cm�1 (typical width
of a high-temperature H2O absorption feature) is 7�10��5 cm�1.
Assuming near-infrared diode laser absorption with a typical
linecenter frequency 	7400 cm�1, a frequency shift detection limit
of 7�10��5 cm�1, and a crossing angle of 90
, a single-sweep
velocity resolution of 2 m=s is obtained, which is roughly 0.1%
uncertainty for a 1500 m=s flow and suitable for the targeted high-
speed flow application. This theoretical resolution for the sensor is
applicable in the limit of identical lineshapes measured on the
upstream and downstream pointing beams, which are not distorted
by flow nonuniformities, noise, or laser transmission/gas condition
fluctuations. By fitting the lineshape and making additional Doppler
shift measurements between data points, the velocity resolution can
be improved to better than 1 m=s as required for a low-speed
validation experiment.

D. Sensor Architecture

The details of the sensor design are shown in Fig. 1. Two lasers at
	1 and 	2 are modulated at f1 and f2 and slowly scanned with a sine
wave. Light from the fiber-coupled polarization-maintained lasers is
combined onto a single fiber, and then the two beams are split and
directed upstream and downstream in the flow. The beams are
collimated at a crossing angle of 2�� 90
 through the test section
and captured onto 3 MHz bandwidth InGaAs detectors. The WMS
signals from multiple lasers can be demultiplexed by their
modulation frequency, which allows the use of a single detector for
each beam [20,21]. The signals from both beams are collected on
upstream and downstream detectors and separated into signals at f1,
f2, 2f1, and 2f2 using a software lock-in amplifier. This approach
allows for simultaneous measurement of both velocity and a
temperature corresponding to either beam.

E. Optimization of 2f=1f Lineshape for Velocimetry

Previous TDL measurements of velocity have used either direct
absorption [17,18] or WMS-2f [9,11,19]. The current sensing
technique further improves velocimetry precision and resolution by
normalizing the WMS-2f signal with the WMS-1f signal. From
Eqs. (8–13), it is seen that the 1f-normalized WMS-2f signal is
independent of detector gain and average laser intensity. This
normalization has been demonstrated to improve the stability of

Fig. 1 Two-laser frequency-multiplexedWMSsensor formassflux atH2Owavelengths�1 and�2 (�1349 and 1341.5 nm). The two lasers are combined

on a single fiber and then split to be directed upstream and downstream in the supersonic flow with a crossing angle 2�. Velocity is determined from the

relative Doppler shifts of the absorption lineshape, and gas temperature from the ratio of the two absorption signals.
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optical sensors through resistance to transmitted laser intensity
fluctuations from nonabsorption losses [14–16,22]. This feature of
theWMS-2f=1f signal is of great benefit for velocity sensing, where
the ability to resolveDoppler shifts requires sensitive detection of the
transition linecenter.

In addition to rejecting laser transmission disturbances, theWMS-
2f=1f signal can be sensitized to velocity by optimizing the 2f=1f
lineshape. In particular, measurement of the Doppler shift from the
difference of transition linecenters is improved when the lineshapes
are tall and narrow, as may be accomplished by allowing strong
absorption and by adjusting the modulation indexm. When probing
absorption transitions with absorbances of>10%, the first harmonic
of the laser transmitted intensity (1f) becomes significantly distorted
by the absorption lineshape. The 1f signal reflects the first derivative
of the absorption lineshape, growing taller and sharper as absorption
increases. In the desired case of large absorption, normalization of
the WMS-2f signal by the 1f signal (2f=1f) can thus be used to
generate a tall, sharply rising feature that is ideal for Doppler shift
detection.

The amplitude of the 2f=1f lineshape is a function of the
modulation index given by:

m� a=��HWHM (17)

Here��HWHM is the lineshape half-width at half-maximum. Previous
work [7–9,14–16] has often used values of the modulation index
m	 2:2 where the WMS-2f signal is a maximum, as shown in
Fig. 2a. However, the 2f=1f amplitude is a maximum for values of
the modulation index m	 1, as shown in Fig. 2b. The simulations
produced in Fig. 2 are for an isolated transition; in practice, the
presence of neighboring lines can cause both the peak 2f and 2f=1f
values to shift to slightly different modulation indices. The 2f=1f
lineshape is sensitive to the curvature of an absorption feature; hence
the specific modulation index at which the 2f=1f amplitude is

maximized can vary slightly with different transitions and amount of
absorption. However, the previously mentioned effects are minor;
simulations for awide range of transitions and degrees of absorbance
show that the maximum 2f=1f amplitude consistently remains
within the range m� 0:9–1, quite different from traditional use of
WMS for species detection in which m	 2:2 is desired.

Whenm	 2:2, not only is theWMS-2f signal a maximum value,
but the WMS-2f signal is least sensitive to the lineshape function or
variations in m. Similarly when m	 1 the 1f-normalized WMS-2f
signal minimizes its sensitivity to these variations; e.g., for a change
in the modulation index from 0.9–1.1 the 2f=1f signal amplitude
changes by less than 1%. In addition, when the total absorption is
greater than 	10%, the WMS-2f=1f lineshape narrows for m	 1.
The behavior of the 2f=1f lineshape [following Eqs. (6–13)] with
varying modulation index and absorbance is illustrated in Fig. 3.

It can be seen that the 2f=1f lineshape at high absorbance is
optimized for velocity sensing by use of a modulation index	 1.
Optimization of the modulation index and increasing absorption
have similar effects on the 2f=1f lineshape, causing it to increase
dramatically in amplitude. For m	 1, the 2f amplitude is still
roughly 60% of its value at m� 2:2; hence, the signal level is of
similar strength. However, as m decreases below 0.5 or absorbance
drops below 0.05, low signal levels may limit velocity resolution.

The current simulations assume that the slow-scan midpoint laser

intensity ( �I0) is constant at all points along the lineshape. Thus the
intensity variation upon which the high frequency modulation is
superimposed has been neglected. A more detailed model for the
scanned WMS-2f=1f waveform including intensity modulation by
the slow-scan is currently being developed§. Initial comparisons
between the two models show small differences in the 2f=1f away
from line center, though variation with absorbance and modulation
index as shown above is unchanged.
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§Strand, C. L. 2010. Private communication.
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Previous work by Lyle et al. [19] and Philippe and Hanson [9]
demonstrated thatWMS-2f velocimetry offered improved signal-to-
noise ratio (SNR) comparedwith direct absorption; here, we find that
using an m	 1, the 1f-normalized WMS-2f approach further
improves the velocity resolution as demonstrated below in velocity
measurements conducted in a low-speed wind tunnel at Stanford
University.

F. Line Selection and Spectroscopy

Proper selection of absorption lines can reduce the effects of
temperature and pressure nonuniformities along the beam path; here
the criteria for selecting lines for the mass flux sensor are reviewed.
These design rules are targeted toward temperature andDoppler shift
velocity measurements based on absorption spectroscopy in high-
temperature supersonic flows. A list of 2632 candidate water vapor
transitions between 6800 and 7460 cm�1 (1340 and 1470 nm)where
telecom diode lasers are readily available was first selected from
HITRAN2008 [23] based on a requirement of sufficient linestrength.
The target supersonic test facility has a gas temperature of 600–
1000 K, H2O mole fraction of 13–25%, and an 18.7 cm pathlength.
These gas conditions are then used for optimized line selection:

Absorbance greater than 0.1 was required for the facility
conditions. This allows for implementation of the 2f=1f lineshape
optimization for velocity measurement as detailed in the previous
section. In addition, this absorbance level guarantees strong SNR for
absorption measurements.

Minimum separation of the line centers of 0:3 cm�1 from the
nearest neighbor is required to insure sufficient isolation and
minimize distortion of Doppler-shifted features.

Difference in lower state energies of the two lines (1 and 2) was
maximized as described in [24] for temperature sensitivity over the
expected temperature range in the supersonic test facility.

Based on these criteria, two H2O lines at 	1 � 1348:86 nm
(E001 � 1006:12 cm�1) and 	2 � 1341:45 nm (E002 � 1962:51 cm�1)

were selected. The linestrengths and air- and self-broadening
coefficients (�air and �self) were measured by wavelength-scanned
direct absorption in a high-uniformity heated cell at Stanford
University detailed in [25]. The exponents for self-broadening Nself

and air-broadening Nair temperature dependence as defined in
Eqs. (18) and (19) were also measured. The experimental method
detailed in [25] is applied to both linestrength and broadening
coefficient measurements, with each point representing the best fit to
150 direct absorption scans

2�self�T� � 2�self�To�
�
To
T

�
Nself

(18)

2�air�T� � 2�air�To�
�
To
T

�
Nair

(19)

The reference temperature To is customarily defined to be 296 K.
Figure 4 showsmeasurements of the linestrength and air-broadening
coefficient as a function of temperature; other spectroscopic data are
presented in Tables 1 and 2 and compared with values from the
HITRAN [23] database.

These values provide the database needed to simulate the 1f-
normalized 2f signal and are used for temperature validation in the
Stanford high-uniformity furnace.

III. Validation of Temperature Measurement

Water vapor temperature was measured in a quartz cell placed in
the center of a three-zone furnace to provide a uniform (	1%)
temperature as measured by thermocouples at the center and each
end of the cell. The slow-scan frequency was set at 2 kHz and the
1349 and 1341.5 nm lasers were modulated at 190 and 255 kHz,
respectively, with data collected at 5MHz. The laser parameters i0,a,
and  1 were measured at these settings to model the 1f-normalized
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Fig. 4 Graphs of a) measured linestrength versus temperature for 1341 and 1349 nm lines, and b) measured air-broadening coefficient versus

temperature for 1349 nm line. Data from HITRAN database also shown for comparison.

Table 2 Air-broadening coefficients at 296 K

Line �air;measured, cm
�1=atm �air;HITRAN, cm

�1=atm Nair;measured Nair;HITRAN

1348.86 nm 6:21�10��2 6:30�10��2 0.57 0.49
1341.44 nm 3:23�10��2 3:18�10��2 �0:16 �0:16

Table 1 Linestrengths and self-broadening coefficients at 296 K

Line Smeasured, cm
�2=atm SHITRAN, cm

�2=atm �self;measured, cm
�1=atm �self;HITRAN, cm

�1=atm Nself;measured

1348.86 nm 1:20�10��2 1:28�10��2 2:99�10��1 0.34 0.71
1341.44 nm 1:73�10��4a 1:86�10��4 1:98�10��1 0.25 0.56

aMeasured by Liu et al. [25].
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WMS-2f signal for a path length of 228 cm and a pressure of 14 torr
of neat water vapor. Regions external to the test cell were purgedwith
dry nitrogen to eliminate absorption from the ambient air. Before data
collection, the background 2f and 1f signals are recorded; the
backgrounds are then removed from themeasured signals as detailed
in [3]. By comparing themeasured 1f-normalizedWMS-2f signal to
the simulated value, the temperaturewas inferred towithin 1% of the
thermocouple reading for measurements from 650–1000 K, the
temperature range of interest in many high-speed propulsion flows.
Similar accuracy can be obtained at lower temperatures, though other
transition pairs may have preferable sensitivity in the lower
temperature range. The sensor-measured temperature is compared
with the thermocouple reading in Fig. 5.

IV. Validation of Velocity Measurement

A highly uniform, low-speed wind tunnel (described in detail in
[26]) operating at atmospheric pressure with room temperature air
and ambient humidity was used to provide a well-known flow
velocity (18 m=s maximum). The tunnel is shown in Fig. 6 along
with the pitch and catch optics and an illustration of the beam paths.

A different water vapor transition was selected for this particular
experiment to account for the low temperature (300K) and lowwater
vapor mole fraction (1%). A water vapor transition near 1371 nm
(E00 � 23:8 cm�1) was used to obtain a signal for the 184 cm path-
length similar to that expected from the high-temperature, humid gas
in the NASA Langley Research Center (18.7 cm pathlength, 600–
1000 K, 13–25%H2O). The optical access in this tunnel constrained
the crossing angle to be 2�� 120
; the slow-scan frequency was
250 Hz, the modulation frequency was 130 kHz, and the sampling
rate was 5 MHz. The sensor bandwidth in this case is 500 Hz; the
laser wavelength is scanned via a sine wave over the absorption
lineshape twice per cycle. The velocity was determined from the
Doppler shift of the 2f=1f lineshape, which included more than
6000 points. Use of 2000 points over a laser frequency scan range of
0:35 cm�1 could achieve similar velocity resolution. For subsonic
velocity testing, 50 averages were used to guarantee a measurement
scatter well below 1 m=s.

Data were collected for m� 0:9 to optimize the WMS-2f=1f
signal and for m� 1:7 to demonstrate the improvement in velocity
resolution from optimizing the modulation index. Data are presented
in Fig. 7, where the left panel shows measurements of time-resolved
velocity (50 averages, 100msmeasurement time per data point), and
the right panel showsmeasured velocity versus tunnel set point. This
optimization of the modulation index improves the standard devia-
tion of the measurements by 50%. This was especially important at
low-speed conditions where frequency shifts are small, on the order
of 10�4 cm�1. With m� 0:9 the measured velocity measurements
have less than a 0:5 m=s difference from the tunnel set point. The
sensor architecture and modulation optimization demonstrate the
capability to resolve frequency shifts less than 10�4 cm�1, and pro-
vide confidence in application of the sensor to the supersonic regime
where Doppler shifts of the absorption features are two orders-of-
magnitude larger.

V. Conclusions

Amass flux sensor based on TDLAS ofwater vapor at 1.4microns
was designed, constructed, and tested under precisely controlled
conditions at StanfordUniversitywith the goal of establishing sensor
accuracy at low velocities. A new strategy to improve TDLAS
velocity resolution by optimizing the modulation index for 1f-
normalized WMS-2f measurements is described here for the first
time. This normalization accounts for nonabsorption losses in the
transmitted laser intensity, and thus reduces noise from vibration and
beam steering. Line-selection criteria for the sensor design were
stated and the needed spectroscopic database was measured. The
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measurement schemewas validated in controlled laboratory environ-
ments: measurements within 1% of a thermocouple reading were
performed in a heated cell at elevated temperatures, and velocity
measurementswithin�0:5 m=s of the tunnel set pointwere obtained
in a low-speed high-uniformity wind tunnel. By using newly
developed guidelines for optimization of the 2f=1f lineshape, the
velocity measurement resolution was improved substantially. These
results demonstrate the potential of TDLAS sensing for accurate
mass flux measurements in ground test facilities, even at low
velocities. Similar precision in velocity measurements is anticipated
for future applications in high-speed flows. The size, weight, and
power consumption of diode laser sensors also offer the possibility
for adaption to in-flight testing.
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