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In situ measurement on nonuniform velocity distribution
in external detonation exhaust flow by analysis of

spectrum features using TDLAS
Xiao-Long Huang(黄孝龙), Ning Li(李宁)†, Chun-Sheng Weng(翁春生), and Yang Kang(康杨)

National Key Laboratory of Transient Physics, Nanjing University of Science and Technology, Nanjing 210094, China
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Instantaneous and precise velocity sensing is a critical part of research on detonation mechanism and flow evolution.
This paper presents a novel multi-projection tunable diode laser absorption spectroscopy solution, to provide a real-time
and reliable measurement of velocity distribution in detonation exhaust flow with obvious nonuniformity. Relations are
established between overlapped spectrums along probing beams and Gauss velocity distribution phantom according to
the frequency shifts and tiny variations in components of light-of-sight absorbance profiles at low frequencies analyzed
by the fast Fourier transform. With simulated optical measurement using H2O feature at 7185.6 cm−1 carried out on a
phantom generated using a simulation of two-phase detonation by a two-fluid model, this method demonstrates a satisfying
performance on recovery of velocity distribution profiles in supersonic flow even with a noise equivalent absorbance up
to 2×10−3. This method is applied to the analysis of rapidly decreasing velocity during a complete working cycle in the
external flow field of an air-gasoline detonation tube operating at 25 Hz, and results show the velocity in the core flow field
would be much larger than the arithmetic average from traditional tunable diode laser doppler velocimetry. This proposed
velocity distribution sensor would reconstruct nonuniform velocity distribution of high-speed flow in low cost and simple
operations, which broadens the possibility for applications in research on the formation and propagation of external flow
filed of detonation tube.

Keywords: velocity distribution, tunable diode laser absorption spectroscopy, nonuniform flow, Doppler effect
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1. Introduction

Velocity plays an important role in the investigation of
combustion mechanism. Velocity nonuniformity cannot be ne-
glected when the effect of boundary layer or pressure nonuni-
formity is obvious. The velocity in the core flow is a vital
parameter in the analysis of engine performance and struc-
tural design. Particle image velocimetry (PIV) is a great non-
intrusive optical measuring technique that can be used to visu-
alize the flow velocity distribution.[1,2] However, continuously
mixing of the tracer particles into the high-speed flow becomes
a potential limitation of this velocimetry, leading to complica-
tions in real applications, such as detonation flow. In addi-
tion the high-power laser and cameras used in PIV systems
is required to record two adjacent image within microsecond
or even nanosecond scales, causing undesired burden on the
hardware side.

Tunable diode laser absorption spectroscopy (TDLAS)
is quite attractive from the perspective of practical applica-
tions with regard to quantitative measurements, reasonable
cost, and fast temporal resolution. This technology shows
great potential in the measurement of multiple flow parame-
ters for application ranging from high enthalpy wind tunnel
to novel detonation engine and traditional aircraft engine.[3–5]

There has been a comprehensive discussion of the capabili-

ties of TDLAS, including measurement of gas temperature,
concentration, and velocity in various flows with negligible
nonuniformity. Li analyzed the uncertainties of traditional
TDLAS-based velocimetry in nonuniform flow caused by var-
ious mechanisms and calibrated results.[6] The inherent char-
acteristic of line-of-sight measurement makes it more diffi-
cult to achieve spatially resolved measurements. Computed
tomography with reasonable projections and reconstruction
algorithm would be an effective solution to overcome this
limitation.[7–10] However, based on the absorbance integra-
tions along the projections from different angles, only scalar
quantities, such as gas concentration and temperature, can be
reconstructed simultaneously. Great efforts have been made to
improve the accuracy and reduce the computation by prob-
ing beam arrangement optimization or various algorithms,
such as algebraic reconstruction technique and filtered back-
projection. However, velocity measurement in nonuniform
flow does not apply to this approach because it is directly in-
ferred from Doppler effect, but not Beer–Lambert law.

Recently, a new approach to reconstruct 2D distribu-
tions of partial pressure, temperature, and streamwise veloc-
ity is developed by multi-beam TDLAS. Velocity distribution
is directly reconstructed from absorbance-weighted transitions
when thermodynamic state is obtained by reconstructing two
or more integrated absorption coefficients and evaluating local
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Boltzmann plots. The linear formulation provides a novel way
to realize simultaneous and spatially-resolved reconstructions
of gas characteristics in high-speed flow fields.[11] Gamba
developed another feasible solution to reconstruct spatially
resolved velocity distribution according to the spectral ab-
sorbance profile from discrete Fourier transform.[12] Qu mod-
ified the algorithm and obtained the velocity reconstruction
through utilizing the Doppler shifts of absorption lines induced
by the interaction between multi-angled laser beams and the
target molecules.[13,14]

In this paper, a novel approach of multi-projection TD-
LAS is developed for measurement on nonuniform velocity
distribution of Gauss model. The fundamental theory is pre-
sented to provide a universal and in-depth discussion on this
common distribution model and relative factors. Following the
published theory, coupling relations between velocity distribu-
tion and overlapped spectrums along both the probing beam
and the reference beam are established. A solution to obtain
the tiny variations in components of light-of-sight absorbance
profiles at low frequencies and phase shifts by the fast Fourier
transform (FFT) is exploited to demonstrate the ability of an-
alyzing the complex absorption signals under the conditions
of different nonuniformities. A simulated measurement is car-
ried out on a model generated using a simulation of two-phase
detonation flow to demonstrate its reliable performance. This
approach is applied to the experiments conducted in our gas-
liquid detonation facility, offering benefits in dealing with the
challenge to measurement of velocity distribution with advan-
tage of insensitivity to the measurement noise. Another ad-
vantage is explored for exact solution of velocity in the core
flow without extra lasers and detectors.

This paper is organized as follows: Section 2 describes
the fundamentals of velocity distribution measurements based
on TDLAS and corresponding optical arrangement, with an
emphasis on introducing this approach to Gauss model to
study its feasibility. The measurement sensitivity to flow prop-
erties typically encountered in detonation flows and optical
arrangements can be quantified in Section 3. Results are re-
ported to illustrate the measurement uncertainties at the con-
ditions of various signal to noise ratio (SNR) and obvious tem-

perature nonuniformity in flows. In Section 4, a simulated ex-
periment is carried out on a model generated using a computa-
tional fluid dynamics (CFD) simulation of two-phase detona-
tion. Expected errors for typical detonation flow profiles are
also discussed. Section 5 applies this analysis to experiments
in the external flow of a gas-liquid detonation tube to illustrate
the usefulness of the results in interpreting practical measure-
ment data. Section 6 provides a summary of the main results
and conclusions.

2. Methodology
2.1. Velocity distribution of Gauss model in external deto-

nation exhaust flow

Velocity nonuniformity always exists in the direction per-
pendicular to the flow because of the boundary layer effects.
Jet flow exhausting from detonation tube is a typical nonuni-
formity flow with high temperature and high speed at the cen-
ter of the flow. The velocity distribution in the direction per-
pendicular to the flow is shown in Fig. 1. The maximum veloc-
ity appears at the center of the flow, and the maximum value
falls gradually to the minimum value at the boundaries. The
assumption of Gauss velocity distribution in the exhaust flow
out of the detonation tube is based on both the CFD simula-
tion and experimental validation by other methods. In CFD
method, a two-dimensional (2D) non-splitting unstructured
triangular mesh Euler solver on the space-time conservation
element and solution element (CE/SE) method developed by
Chang[15,16] is used. Simplicity, generality and accuracy are
the three main advantages of the CE/SE method. The simu-
lated result in Fig. 1(c) in this paper shows a good agreement
with Gauss fitting curve. To validate the simulation, a com-
parative experiment is carried out by schlieren PIV method,
where turbulent eddies can serve as the PIV “particles” in a
schlieren image and consecutive schlieren frames are analyzed
to obtain velocity fields. As shown in the Figs. 1(a) and 1(b),
the experimental results confirm the fact that exhaust veloc-
ity outside the detonation tube exhibits obvious nonuniformity
with Gauss distribution. The assumption is also validated by
the images in experiments by Jonassen.[17]
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Fig. 1. (a) The schlieren image of the external flow in our detonation experiment; (b) analysis of the velocity distribution by schlieren PIV method; (c)
velocity distribution from CFD and the Gauss fit of the velocity distribution.
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This paper aims at providing a more general analysis
on distributions of Gauss model, which represents a common
form of continuous change in velocity. The theoretical expres-
sion of Gauss model is shown as

f (x) = H × e−
[x−(L/2)]2

2W2 +C, (0 ≤ x ≤ L) , (1)

where the parameter H is the height coefficient and W is the
width coefficient, which describe the shape of the distribution
curve. L is the path length perpendicular to the flow, and equal
to 0.1m in this paper. C is the constant which represents the
baseline of the Gauss distribution curve. Note that the method
introduced in this paper can be applied to other velocity distri-
bution models, which feature continuous or gradient changes
in profile, as long as the theoretical expression in velocity dis-
tribution can be shown.

2.2. Measurement principle

The collimated laser beam passes through the gas medium
and the laser intensity is attenuated by absorption features ac-
cording to the Beer–Lambert law. The description of TDLAS
measurement can be found in the literature[18] and a brief in-
troduction is provided here to facilitate the following discus-
sion. When laser wavelength is modulated to scan the com-
plete absorption feature, the absorbance can be written as

A = PS fi (T )XL =
∫

∞

−∞

a( f )d f , (2)

where A denotes the integrated absorbance across the target
transition. S fi (T ) is the line strength at temperature T . P and
X are the total pressure and mole fraction, respectively. L is
the length of the optical path in the flow. a( f ) represents the
absorbance at frequency f . The detailed description of line-
shape and fitting method would be found elsewhere.[19,20] For
traditional TDLAS-based velocimetry, two probing beams in-
troduced from fiber laser pass through the flow at a certain
angle θ . The corresponding absorption spectrums measured
will show an obvious frequency shift because of different ori-
entation relative to the direction of the flow. The frequency
shift, ∆ f , would be proportional to the velocity of the flow v,
and the equation can be expressed as

∆ f =
v
c

f0sinθ +δP, (3)

where c is the speed of light, f0 is the center frequency of the
absorption feature, and δ is the coefficient of pressure-induced
shift and would not affect the calculation if pressure nonuni-
formity in the flow can be neglected.

Temperature in the flow is assumed to be uniform at
850 K in this model. The effect of temperature nonunifor-
mity on velocity distribution calculation would be discussed
in Subsection 3.4. Other condition parameters, the mole frac-
tion of water vapor and static pressure, are assumed to constant

at 0.1 atm and 1 atm. These conditions correspond to an exter-
nal exhaust flow about 1.5 ms after the detonation wave leaves
the detonation tube exit, a representative condition at the out-
let of air-gasoline pulsed detonation tube operating at filling
coefficient less than 1 in our lab.

H2O is the primary product in hydrocarbon combustion.
H2O absorption features in the near-infrared range are ideal
targets to be scanned in the TDLAS measurement as the indi-
cation function for combustion efficiency. Also, diode lasers
and detectors are inexpensive and robust for industrial applica-
tion within communication band. In this paper, 7185.6 cm−1 is
selected in the following analysis for demonstration, and it has
been proved to maintain suitable line-strength and to be free of
significant interference from nearby transitions. The spectro-
scopic parameters of this transition can be obtained from the
HITRAN database.[21]

Based on the expected conditions above, the absorbance
curves obtained in the simulated of jet flow along the transmit-
ted laser beam at 0◦ , 30◦, and 60◦ are shown in Fig. 2. Due to
the doppler effect, distinct frequency shifts in overall spectral
lineshape are observed in angled beams compared with that
in the direction perpendicular to flow. In fact, the frequency
shift for specific transition is not fixed according to Eq. (3)
because the flow velocity changes, resulting in a tiny increase
in lineshape width in accumulated absorbance. In addition,
there are significant differences in the amplitude between ab-
sorbance curves because of variable pathlength in respective
probing beam.
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Fig. 2. Corresponding H2O absorption spectrums at 7185.6 cm−1 along the
transmitted laser beam at 0◦, 30◦, and 60◦.

2.3. Reconstruction algorithms and optical arrangement

The inverse problem here is defined as the retrieval of the
unknown velocity distributions from the measured absorption
spectrum,

(H,W,C) = argmin
{∫

∞

−∞

∣∣a( f )measured

−a [ f (H,W,C)]simulated

∣∣d f
}
. (4)

Ordinarily, the inverse problem can be characterized
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by solving the least-square problem. It would be a time-
consuming work when a direct search algorithm for global op-
timization is applied, such as genetic algorithm. This paper
presents a new solution to recover the velocity distribution.
Three variables are defined to describe the feature of the over-
lapped spectrums so that the least-square problem in Eq. (1)
can be simplified and solved efficiently.

The first variable ∆ f θ is defined as the average frequency
shift of absorption spectrum from the probing beam. In a
nonuniform flow problem, the region of interest is discretized
into N layers, and the velocity is assumed uniform in each
layer. For the general problem, we can model the nonuniform-
property path as being composed of N nearly uniform property
path segments. The frequency shifts of overlapped spectrums
in line-of-sight measurement along the probing beam can be
expressed as ∫ L

0
∆ fθ dA = A×∆ f θ . (5)

In practice, due to the existence of theoretical expression
in velocity distribution from specific mathematical models,
the integral in Eq. (5) would be realized directly by the for-
mula deduced instead of discretization. We apply the Fourier
transform method of phase analysis to the absorption spectrum
from each probing beam to obtain ∆ f θ .

The second important variable ∆ f max,θ , the maximum
difference in frequency shifts of the absorption spectrum de-
riving from the difference between vmax and vmin in the flow
along probing beam at angle θ , can be expressed as

∆ f max,θ =
(vmax − vmin)

C
× f0 × sinθ . (6)

It is clear that ∆ f max,θ in the specific beam is only a func-
tion that depends on the height coefficient H in Gauss model.
∆ f max,θ increases with rising H monotonely. ∆ f max,θ as a
link between the velocity curve shape and spectrum profile,
can hardly be measured directly because the absorption sig-
nal from each layer cannot be distinguished from the complex
overlapped spectrums in nonuniform flow. Note that there is a
constraint that the ratio of ∆ f max,θ inferred from two probing
beams according to Eq. (6) can be expressed as follows:

∆ f max,θ1

∆ f max,θ2

=
sinθ 1

sinθ 2
. (7)

The other variable is shape factor Eθ , which is introduced
to feature the overlapped spectrum profile. Obviously Eθ de-
pends on height coefficient H (or ∆ f max,θ ) and width coeffi-
cient W in Gauss model. For example, increase in height co-
efficient H would distance the location of absorption features
in each layer, and flatten the shape of overlapped spectrum
in time domain, resulting in variations of corresponding low

frequency signals. Here we define the shape factor Eθ which
represents ratio of low frequency components in light-of-sight
absorbances between probing beam and reference beam

Eθ =

∫ F
0 Iθ (t)e−iwt dt∫ F
0 Iref (t)e−iwt dt

, (8)

where Iθ and Iref are transmitted laser intensity of the probing
beam and the reference beam. F is the cut-off frequency which
is related to the wavelength scanning speed of the diode laser.
Eθ would be directly calculated from the experiment result.

In theory, three optical beams, two probing beam and one
reference beam are necessary to provide enough projection in-
formation to calculate independent parameters H, W , and C
simultaneously. The optical arrangement for velocity distribu-
tion measurement in nonuniform flow is shown in Fig. 3. One
reference beam is required to pass through the region of in-
terest vertically, providing a reference value to normalize the
spectrum difference in frequency shift and amplitude in each
probing beams. Two probing beam, each with a unique ori-
entations, pass through the region and yield to an overlapped
spectrums, resulting in the Eθ according to Eq. (6). This sys-
tem is not more complex than traditional TDLAS-based ve-
locimetry in uniform flow.

Probing beam 2 

Probing beam 1 Reference beam

Flow
L

x

y

Detonation tube

θ1

θ2

Fig. 3. Beam arrangement for velocity distribution measurement in nonuni-
form flow.

Note that the effect of ∆ f max,θ or W on Eθ exhibits con-
tinuous and monotonic behavior, and Eθ can be calculated
directly from the measured light-of-sight absorbance in each
beam. Therefore, the relations between Eθ , ∆ f max,θ and W
would be established by simulated spectrums along the spe-
cific probing beam at angle θ under the condition of other
known parameters. The least-square problem in Eq. (1) can
be simplified into a 2D optimization searching problem

(H,W ) = argmin

{
2

∑
θ=1

∣∣∣Emea
θ −Epha

θ

(
∆ fmax,θ ,w

)∣∣∣}

s.t.
∆ fmax,θ1

∆ fmax,θ2

=
sinθ1

sinθ2
. (9)

Two characteristic curves of ∆ f max,θ versus W at specific
Eθ would cut at point where W and ∆ f max,θ are confirmed,
and height coefficient H can be inferred based on the mono-
tonic relation with ∆ f max,θ . Then the constant C would be
directly calculated by Eq. (3) further. A step-by-step approach
for velocity distribution reconstruction is given in Fig. 4.
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Overlapped spectrums from

transmitted laser beams at 

angle θ0, θ1, and θ2  

Eθ1
 and Eθ1

 calculated by 

analysis of absorbance at 

low frequencies

Function of Dfmax,θ1
 versus 

Optimization

searching of H↪ W

Determination of C by 

Doppler frequency shift

W at Eθ1
 by simulation

Function of Dfmax,θ2
 versus 

W at Eθ2
 by simulation

Average frequency shift calculated

       by FFT phase analysis

Fig. 4. Steps of Gauss velocity distribution analysis using multi-projection
TDLAS.

Relative velocity error e(l) at position l is defined as

e(l) =
vmea (l)− vpha (l)

vpha (l)
, (0 ≤ l ≤ L) , (10)

where vmea (l) and vpha (l) are respectively the measured ve-
locity and corresponding value in model at specific position
l along the y axis. The quality of velocity distribution mea-
surement is evaluated by eave which is the arithmetic average
value of relative velocity errors e(l). evmax and evmin repre-
sent the relative error at maximum and minimum velocities,
respectively.

3. Discussion
3.1. Effect of the model and optical arrangement on mea-

surement sensitivity

Shape factor Eθ , maximum difference in frequency shifts
∆ f max,θ and average frequency shift ∆ f θ are the three govern-
ing parameters in nonuniform flow. Therefore, accurate evalu-
ation of critical parameters to determine whether the measure-
ment sensitivity is suitable for real situation is very important
since it may lead to a change in the reconstructed structure of
the flow.

As mentioned above, Eθ is dependent on both H (or
∆ f max,θ ) and W in Gauss model according to Eq. (1). Typi-
cal curves that ∆ f max,θ varies Eθ with W ranging from 2 to 6
are plotted in Fig. 5. The results shown provide several useful
observations.

Firstly, ∆ f max,θ increases with decreasing Eθ , and
∆ f max,θ has better sensitivity in smaller Eθ . Obvious veloc-
ity difference between vmax and vmin would help to reduce the
shape factors Eθ according to Eq. (8) and improve the accu-
racy in determining coefficient further. Eθ close to 1, would
lead to oversensitive to ∆ f max,θ and a small disturbance in
overlapped spectrum would cause an unacceptable measure-
ment error in practice. For example, a small fluctuation with
amplitude of 0.5% in Eθ would make errors evmax up to 3.80%
and 18.78% when measurement is carried out at Eθ of 0.975
and 0.992, respectively.

Secondly, calculation at different W yields a similar trend.
Increase in W will be helpful to improve the measurement sen-
sitivity to some extent.

Thirdly, a correct estimate of Eθ would be a good predic-
tor of optical design and the measurement accuracy. Increase
the angle between the probing beam and the reference beam in
the optical arrangement would also help to obtain a better sen-
sitivity of ∆ f max,θ , especially when a smaller Eθ is required
under conditions of less nonuniformity in the flow. As shown
in Fig. 6, the angle larger than 30◦ would be suggested to keep
Eθ below 99.5%, which is suitable for the models in this paper.
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Fig. 5. (a) Function relationship between ∆ f max,θ and Eθ for the model of
Gauss velocity distribution with W ranging from 2 to 6 along the probing
beam at angle 30◦. (b) The 1st derivative of ∆ f max,θ varies with Eθ .
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tribution.
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3.2. Uncertainty in velocity distribution measurements
caused by calculation of average frequency shift in
overlapped spectrum

Although Eq. (5) is approximate results of the average
frequency shift ∆ f θ , the deviation caused by this approxi-
mation is very slight and can be neglected when the flow is
assumed with uniform temperature and pressure. Take the
model of Gauss distribution as an example. A relative error
of ∆ f θ , which changes with W (0.5 ≤ W ≤ 7) and ∆ f max,θ

(0 ≤ ∆ f max,θ ≤ 0.05 cm−1, corresponding to the velocity dif-
ference within 1000 m/s), is analyzed based on the conditions
mentioned above. The results show that this relative error in-
creases with increasing ∆ f max,θ . In fact, the combination of
large velocity difference and unequal absorbance in each layer
would lead to relatively increasing asymmetry in the over-
lapped spectrum along probing beam. However, the maximum
of only 0.0006% appears when ∆ f max,θ equals to 0.012 cm−1

and W equals to 5. Obviously, this relative error would not
affect the determination of velocity distribution in Eq. (5).

3.3. Consideration of measurement noise

In the analysis presented in this paper, we assume the
measurement noise to be random with a normal distribution.
SNR of the measurement is defined as the ratio of transmitted
laser intensity to noise.[6] In practice, a minimum detectable
absorbance (MDA), at an order of 10−4, could be realized rep-
resenting the precise measurement subjected to fundamental
noise, such as laser intensity fluctuation, detector noise, and
environment noise. With the H2O transition at 7185.6 cm−1

and flow conditions mentioned above, the SNR in measure-
ment is about 400. The angles for the probing beams are 30◦

and 60◦ in the optical arrangement in Fig. 3. The measurement
results for Gauss distribution are shown in Fig. 7.
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Fig. 7. (a) Measurement results for Gauss velocity distribution and (b) rela-
tive errors.

In general, the method demonstrates satisfied perfor-
mance for accuracy and computation. Under the simulation
condition above, two specific Eθ , about 0.995 and 0.990,
would be inferred from the angled laser beams and the ref-
erence beam perpendicular to flow according to Eq. (8). The

relative errors for both Eθ are less than 0.1% due to the noise
in the accumulated absorbances. Then two typical curves of
∆ f max,θ versus W at respective Eθ would be formed from sim-
ulated spectrums, and there would be a specific point at which
two curves would meet, representing the optimal solution
about ∆ f max,θ and W for both two angled laser beams. W is
directly determined from the intersection point, and then cor-
responding height coefficient H can be inferred from ∆ f max,θ

due to the monotonic relation. Compared with intersection
point obtained from absorbances without noise, the relative er-
rors occurring in the determination of H, W and C are 0.18%,
0.67%, and 0.21%, respectively, in precise measurement, re-
sulting in the relative velocity error evmax in the core flow is
only 0.11%, much smaller than evmin of 1.52% at the bound-
aries according to Eq. (1). The averaged velocity errors eave is
only 0.33%.

It shows that the results are sensitive to the flow prop-
erties. The method in this paper offers more accurate and
consistent results in measurement of velocity in the core flow
vmax. Further studies indicate that measurement error in Eθ

has equivalent impact on calculation accuracy in parameter H
and W , but the determination of C would be affect by addi-
tional errors in ∆ f θ according to Fig. 4, which would lead to a
larger uncertainty in vmin than vmax according to theory of er-
ror transfer in Eq. (1). Models with other flow conditions are
also analyzed, and the results shows the similar regularities.

Another observation can be made that measurement ac-
curacy would tend to be less affected by uncertainty of Eθ

when W in the model is large enough and the effect of the
exponential function can be reduced in Eq. (1). In fact, the ob-
servation means the velocity distribution nonuniformity can be
neglected and the solution turns to be the traditional TDLAS-
based velocimetry.

Simulations are performed to analyze the accuracy of the
results when measured absorbance contains different levels of
noise. Again, random white noises, with amplitude ranging
from 1×10−4 to 9×10−4, are added into the overlapped spec-
trums to simulate the measured signals in practice. Results for
each SNR are conducted from 100 times of average calculation
of velocity calculation containing random noise at the same
level in the consideration of statistical nature of the noise. The
results are shown in Fig. 8. All errors increase with increasing
noise amplitude, and the averaged velocity error eave remains
below 1.40% representing that exact Gauss velocity distribu-
tion can be procured in precise measurement. The error in vmax

in the random noise range is only 0.53%, much smaller than
evmin of 5.82%.

When measurements are influenced by larger noise
sources, the MDA would be equal to or greater than the or-
der of 10−3. A noise equivalent absorbance of 2×10−3 is ap-
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plied here to investigate the accuracy in rough measurement.
The result shows there is no drastic change in relative errors
mentioned above. Averaged velocity errors eave caused by
measurement noise are 2.53%. The simulation suggests this
method can be accepted in a variety of abominable environ-
ments.
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Fig. 8. Effect of random noise in absorbance on measurement errors of Gauss
velocity distribution.

3.4. Effect of temperature nonuniformity on velocity dis-
tribution calculation

As mentioned above, the analysis of velocity distribution
are conducted under the assumption of uniform flow parame-
ters, including temperature, pressure and gas component. In
fact, it is a typical situation involving temperature nonunifor-
mity in the supersonic flow, and the temperature in the core
region may be lower due to conversion of the kinetic energy
in some cases.[6] The temperature variety along the probing
beams would change the linewidth and cause distortion in the
shape of overlapped spectrums, which would bring uncertain-
ties to determination of ∆ f max,θ and ∆ f θ . Here, the effect of
uncertainty due to temperature nonuniformity on velocity dis-
tribution calculation is analyzed. The model and results are
shown in Fig. 9.
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Fig. 9. Model and measurement result of Gauss velocity distribution under
the condition of nonuniform temperature along the probing beam.

In this instance, the relative errors in determination
of ∆ f max,θ due to the temperature variety is approximately

0.83%, and the corresponding error of W is 10.23%. It is evi-
dent that the temperature nonuniformity would cause obvious
error in the velocity distribution results eventually. Although
eave is only 3.85%, there would be a relative velocity error up
to 10.53% appearing at the half of peak in the velocity curve.
With increasing temperature nonuniformity, the results would
deteriorate and cannot be accepted in practice. This condi-
tion would be more favorable when a more suitable absorp-
tion feature is suggested to provide a spectrum less affected by
temperature change. Another feasible solution is to obtain the
temperature distribution in the models by discretization tech-
nique or distribution fitting technique, and this sensing strategy
has been discussed and demonstrated.[22] Then, the solution
of velocity distribution would follow the same steps as above
using known temperature properties in models, as shown in
Section 5.

4. Simulated measurement on detonation flow
To validate our findings for velocity distribution profiles

found in actual experimentation, a simulated TDLAS-Doppler
experiment is carried out on a model generated using a sim-
ulation of two-phase detonation by a two-fluid model. The
computational domain is a rectangular 3.5 m × 6 m enclo-
sure, filled with air at 296 K and atmospheric pressure. The
gas-liquid two-phase detonation tube with inner diameter of
100 mm is assumed to be axisymmetric in structure, and the
gas and liquid fuel droplets fill the tube at filling fraction of
1. A two-dimensional Euler solver based on the space-time
conservation element and solution element (CE/SE) method
is employed to simulate the flow field of the detonation tube.
The numerical results clearly demonstrate the external flow
field of the tube. Further details of the simulation are provided
in Ref. [23]. Figure 10 shows external flow field of detona-
tion tube and simulated optical measurement performed near
the open end of the tube, with the same arrangement shown
in Fig. 3. The streamwise (axial) nonuniformities in the mea-
surement region are neglected here. Beam attenuation data is
sampled at the rate of 20 kHz for 1 s.

Reference 

   beam

Probing 

 beam

Measurment 

    region

Pulsed detonation 

        engine 0.1 m

Fig. 10. Model of simulated velocity distribution measurement in a two-
phase detonation flow.

Three representative cases are examined and the results
are summarized in Fig. 11. The use of these three cases is
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to validate the performance under the conditions of velocity
distributions with various amplitudes and shapes. The cases
include velocity measurements at a distance of 5 cm from the
open end of the detonation tube, corresponding to 0.69 ms,
1.16 ms, and 1.81 ms after the detonation wave leaves the det-
onation tube exit.

It can be seen that velocity nonuniformity is rather ob-
vious in the external flow of detonation tube and should not
be negligible. Similar to the Gauss model analysis above, the
curves of velocity distribution from CFD simulation in single

time step are reconstructed by the optical arrangement shown
in Fig. 10. Explicit objective function for solving this inverse
problem is established based on Eq. (4), and absorbances from
three angled probing laser beams are recorded and analysis
with FFT in accordance with the procedure shown in Fig. 4.
In general, the reconstruction results show a good agreement
with CFD simulation in all time steps in the external flow of
detonation tube. As comparison, the velocity value tends to
be arithmetic average obtained by traditional TDLAS-based
velocimetry, which deviates too far from the real situation.
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Fig. 11. Three cases of velocity distribution measurement at 0.69 ms, 1.16 ms, and 1.81 ms after the detonation wave leaves the detonation
tube exit.
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Fig. 12. Velocity uncertainty analysis for simulated experimental results in
detonation flow field.

The results shown in Fig. 12 provide error analysis of
these cases according to definition in Eq. (10) and explana-
tion in Subsection 2.3. eave remains less than 7% for all these
cases, and the errors in the core flow are much smaller than
in the boundary layer. It should be noted that the error values
obtained in this simulated case are larger than those for Gauss
model mentioned above because the distribution law conflicts

with turbulent flow artifacts. The numerical results demon-
strate its reliable performance under high-speed and noisy con-
dition, showing its high possibility in reconstructing nonuni-
form velocity distribution of high-speed flow in low cost and
simple operations.

5. Application of analysis to experimental data
in pulsed detonation flow field
The analysis above is applied to the experimental data in

our detonation facility. Experiments are performed in a deto-
nation tube fueled with gasoline and air, which is made of a
304 stainless steel pipe with an inner diameter of 100 mm and
length of 1.8 m. This gas-liquid detonation tube facility is ca-
pable of operating up to 30 Hz with controlled filling fraction
ranging from 0.6 to 1. The instantaneous exhaust temperature,
pressure and velocity behind the detonation wave would reach
to 1900 K, 1.6 MPa and 1300 m/s, respectively. The detailed
description of this facility and the experiments can be found in
Ref. [23].
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The sensors are tested in the external flow field at a dis-
tance of 15 cm from the open end of detonation tube. As
depicted in Fig. 3, the sensors include two probing beams
with orientations at 30◦ and 60◦, and a reference beam.
The pigtailed distributed feedback (DFB) laser, centered at
7185.6 cm−1, is wavelength tuned with a saw tooth current
waveform at 50 kHz and the multi-channel signals are simulta-
neously recorded by national instruments data acquisition sys-
tem at 20 MS/s sampling rate.

The information about temperature distribution in refer-
ence beam is obtained by fitting technique using four inten-
dent DFB lasers scanning absorption features at 7170.5 cm−1,
7199.4 cm−1, 7185.6 cm−1, and 7444.4 cm−1. The appropri-
ate lower-state energies would ensure the measurement with
high sensitivity over the whole temperature range, and the
measurement accuracy of velocity distribution would be im-
proved further. The detailed description of temperature distri-
bution measurement in detonation tube external flow field can
be found in Ref. [24]. Significantly, there is no difference in
optical equipment between the method mentioned in this paper
and traditional TDLAS. There is an obvious technical benefit
that the existing traditional TDLAS could be easily switched
to nonuniform-property path without increasing the complex-
ity and cost of introducing new hardware. Figure 13 shows
maximum velocity in the core flow field by Gauss distribution
fitting methods, compared with arithmetic average obtained by
traditional TDLAS-based velocimetry, under the condition of
operating frequency 25 Hz and filling fraction 0.8. Generally,
similar velocity trends have been observed between these two
curves. The velocity of exhaust decreases rapidly in 5 ms after
detonation wave pass through the measurement zone, and then
the rate gradually slows down. A short velocity platform less
than 2 ms would be observed and account for a large propor-
tion of impulse.
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Fig. 13. Comparison of velocity in the core flow field by distribution mea-
surement and arithmetic average velocity by traditional TDLAS-based ve-
locimetry in external flow field of the detonation tube operating at 25 Hz.

This new method provides a more complete and accurate
information about the kinematic structure of transient flow and

its dynamic distribution perpendicular to the axis. From the re-
sults, it can be concluded that velocity nonuniformities along
the probing beams are obvious because the velocity in the core
flow field is much larger than the arithmetic average value. For
example, for the measurement at 2 ms, the measured maxi-
mum velocity is 433 m/s, and the arithmetic average velocity
is 281 m/s.

Note that the velocity flow field is assumed to be a general
Gauss model in this work, and flow parameters along probing
beams are assumed to be uniform except temperature and ve-
locity. However, the real detonation flow field would be more
complex. As shown in Fig. 14(a), there would be Mach disks
in specific locations in the supersonic exhaust flow out of the
tube after the detonation wave, and the Mach disk would re-
sult in a distortion in the assumed Gauss model. To validate the
ability of this method to reconstruct the predictable Gauss dis-
tribution with distortion, the velocity distribution phantom is
obtained at a location 10 cm away from the exit of the tube by
CFD simulation, where a specific Mach disk appears. This as-
sumption or modification would be real and be validated by the
images in our schlieren PIV experiments, as shown in Fig. 14.
Obviously, the existence of Mach disk affects the velocity dis-
tribution especially in the core of the flow, and the maximum
velocity appears at both sides of the central axle.
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Fig. 14. (a) Schlieren images of the Mach disk in the external flow in our
detonation experiment. (b) Velocity distribution from CFD and the Gauss fit
of the velocity distribution.

The measured velocity distribution is reconstructed in
the procedure shown in Fig. 4. General variations of veloc-
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ity are relatively consistent between reconstructed results and
this distorted phantom, resulting in the averaged velocity er-
rors eave less than 11.96%. The results prove that approxi-
mate velocity distribution would still be reliable. Significant
differences appear at the point where maximum velocity ap-
pears in the phantom, and the corresponding relative errors are
32.12%. Compared with traditional TDLAS-based velocime-
try, much more information could be provided by this novel
method without extra equipment cost and complex optical ar-
rangement.

There may be significant nonuniformities perpendicular
to the direction of flow in the region of interest, and recon-
struction results would be different when this factor is consid-
ered. In the detonation exhaust measurement experiment, the
temperature can be obtained by least squares method based
on the absorbances from scanning four typical H2O transi-
tions, as mentioned above. The results of measured temper-
ature distribution have been added into condition of phantom
in Eq. (4), so that the accuracy of velocity calculation would be
improved. The detailed discussion about velocity distribution
reconstruction without consideration of temperature nonuni-
formities has been shown in Subsection 3.4, and the results
with consideration of temperature nonuniformities would be
much closer to the real value. In addition, it is worth noting
that the variation of temperature along the direction of flow
in the region of interest is neglected. A similar validation is
carried out on the phantom in Fig. 9 including about 100 K
temperature decrease along the direction of exhaust flow. Av-
eraged velocity error eave is only 0.72% due to the limited
temperature variation within the region of interest, and this
assumption is conformity with reality.

Lastly, this work focuses on the ability to recover the ve-
locity distribution and neglected some types of uncertainties.
For example, in practice, serious beam steering caused by den-
sity gradient in high pressure exhaust within about 200 µs af-
ter detonation wave rushing out of the tube can be observed,
and the majority of laser beam would not be coupled into the
fiber in this case. Then detected laser intensity would decrease
obviously and the SNR would drop to less than 10 quickly.
The estimation of relative errors in this very harsh environ-
ment is calculated at the condition described in Section 3 with
smaller SNR about 10. The results show the averaged veloc-
ity error eave is 7.12%, representing that the general velocity
distribution is consistent with phantom with very noisy laser
absorbance data. The errors in vmax and vmin are 6.75% and
16.78% respectively, which means this method would be much
helpful particularly in recover the velocity in the core of ex-
haust flow. A fitting procedure to reduce the effect of noise
would be investigated further by revising the relationship in
Eq. (1), so that the accuracy in calculating velocity distribu-
tion would be improved.

6. Conclusion
In conclusion, a fast and effective technique for measure-

ment of velocity distribution in nonuniform flow has been de-
veloped from this study. The method allows investigating the
dynamics of the processes in exhaust flows that mimics several
applications including researching on detonation mechanism
and flow evolution.

The proposed methodology is introduced and the anal-
ysis of velocity distribution reconstruction is carried out by
simulation on Gauss models to discuss the sensitivity and re-
liable performance under the condition of noisy projections.
With H2O feature at 7185.6 cm−1, an analysis of average and
maximum difference in frequency shift by FFT in probing
beams is exploited and demonstrated to solve the relations be-
tween Gauss model and overlapped spectrums along the prob-
ing beams. Eθ below 99.5% is suggested to maintain a better
sensitivity of ∆ f max,θ by increasing large angle between prob-
ing beam and reference beam in the optical arrangement. The
measurement results and models are in good agreement with
a deviation less than 2.53% for both precise and rough TD-
LAS measurement. Especially, vmax is little affected by the
measurement noise in a variety of abominable environments.

Compared with the traditional TDLAS-based velocime-
try, this technique provides more promising results for the
velocity distributions in high-speed flow without extra optic
equipment and has the potential capability to be applied to
complex supersonic flow in combustion or detonation. Veloc-
ity distribution in the external flow of a gas-liquid detonation
tube is measured and this experimental study demonstrates the
applicability of multi-projection TDLAS sensing technique for
transient flows which enables to study the process more clearly
and accurately.
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