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Simulation of Range-Resolved DIAL Measurements
on In-Flight Rocket Plumes
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Feasibility studies were carried out for a ground-based experiment using the differential absorption LIDAR
(DIAL) method, to measure spatially resolved rocket plume temperature profiles from solid-aluminized pro-
pellants. The core of this effort was a numerical simulation of the dynamics of the laser-plume interaction and
the retrieval of average temperatures from the received signals using parameters appropriate to a low-altitude
rocket plume. Signal-to-noise ratios were adequate for the assumed experimental conditions and for both a clear
and moderately clear atmosphere, to ensure detectability of the returned signals over most of the plume. For
the chosen laser frequencies, the simulated experimental results indicate reasonable quantitative agreement with
flowfield model predictions.

Introduction

A DETAILED analysis was conducted to assess the fea-
sibility of a ground-based DIAL experiment which would

measure spatially resolved airborne rocket plume temperature
profiles. To date, plume temperature profile data do not exist
despite the large number of flowfield predictions. The inter-
action between the plume intrinsic core and the ambient at-
mosphere cannot be simulated in laboratory or chamber mea-
surements. Thus, the possibility of measuring temperatures
of in-flight rocket plumes with a remote sensing technique is
being considered. HD (hydrogen-deuterium) Raman shifted
Nd: Glass lasers would be used to provide tunable radiation
over the 5660-5910 cm"1 region of the spectrum, which co-
incides with the 7?-branch of the 0-2 ro-vibronic band of HC1,
a major constituent of solid rocket motor (SRM) plumes.

To implement the DIAL technique, two laser pulses are
sent out over the same path. One is tuned to the frequency
of an absorption line of the gaseous species of interest and
the other is tuned off-resonance. The difference in the inten-
sity backscattered by solid plume particulates can then be
related to the absorption coefficient of a resonant gaseous
species such as HC1. If the measurement is repeated for a
second absorption line of the same species, the rotational-
vibrational temperature may be extracted from the values of
the two absorption coefficients, assuming the gas is in thermal
equilibrium. The DIAL technique has been successful in at-
mospheric applications, but has not yet been tested in a plume
environment where physical parameters vary much more rap-
idly, spatially as well as temporally.

There are complications which can arise in the DIAL ex-
periment which would produce an erroneous temperature
measurement. A specific species is selected as the interrogated
molecular system based on its relatively high abundance in
the plume and the availability of well-characterized absorp-
tion spectra. The HC1 molecular system satisfies both of these
requirements; however, due to the near equality of plume
water and HC1 mole fractions, the location of absorption lines
of water must also be determined in order to avoid potential
interference. The high temperature absorption lines of a sim-
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pie polyatomic system such as water are difficult to calculate
and have undergone limited experimental study at tempera-
tures as high as 2000 K. A second complication is absorption
of the laser radiation by ambient atmospheric species. These
issues have been carefully analyzed in Ref. 1 to produce an
optimal set of usable HC1 transitions. The P(4, 6, 9, 10, 11,
14,16,18) lines were found to have less than 90% transmission
through the atmosphere. Of the possible rotational transitions
for the /^-branch, the R(l, 3, 6, 7, 10) lines were found to be
free of either hot water interference or atmospheric atten-
uation.1 Therefore, they could be considered as potential laser
interrogation wavelengths. The final choice of on-resonance
laser frequencies for this simulation corresponds to the R(6)
and R(l) lines for reasons which will be discussed below.
Another issue of concern is that of the effect of Doppler
frequency shifts due to the moving masses in the plume. This
factor, as well as the finite laser width, have so far been
considered in an approximate fashion. Preliminary results in-
dicate that for the particular relative geometry of plume and
laser beam considered in this study, these effects will not pose
a serious problem.

The purpose of this article is to report the detailed nu-
merical simulation of a future DIAL-plume measurement.
The proposed experiment is sufficiently complex and so costly
that the use of preflight numerical simulation techniques is
crucial to assess feasibility concerns.

This simulation effort focused on determining the proba-
bility of the extraction of an average temperature which will
realistically represent the interrogated region of the plume.
Reasons for concern were the large temperature gradients
relative to the proposed range resolution, as well as the non-
linear relationship between the average absorption coefficient
and the average temperature in a range cell. The modeling
is divided into two parts, the "forward" and "inverse" cal-
culations. The forward problem consists of the computation
of the returned laser power from the radial range cells at a
particular axial plume location. The inverse problem involves
the estimation of a range-resolved average temperature from
the extracted values of the absorption coefficients and known
line parameters. We began by examining a 40-km-alt flowfield
solution for a representative rocket, obtained from the stan-
dard plume flowfield model SPF2.2 The numerical simulation
employed here is sufficiently general to apply to other plume
flowfield predictions. Figures la (full plume) and Ib (area of
Mach disk) show contour plots of the temperature variation
as a function of axial distance from the nozzle (X) and radial
distance from the axis (Y). If the proposed range resolution
of 3.15 m is superimposed on these figures it can be seen that
it is large relative to the spatial temperature variation through-
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Fig. 1 a) Temperature contours for a solid propellant at 40-km al-
titude, and b) is the expanded view. The rocket nozzle is located at
the origin of the graph.
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out the plume. The DIAL measurement will therefore rep-
resent an average over the range cell. Figure 2 is a plot of
the HC1 concentration. The SPF2 model run used in these
calculations uses a distribution of A12O3 particles of three
different radii, 1.52, 2.83, and 5.26 //,.

LIDAR Equation and Definitions
The analysis of the DIAL experiment is based on the gen-

eralized light detection and ranging (LIDAR) equation,3 which
we used to model the transmission and backscattering of laser
radiation through the plume

Pr(yr, R) = P0(vQ o, ff)ArIR2 (1)

where

v(), vr = transmitted and received frequencies
(v(} = vr for elastic scattering)

R = distance from scattering element to
detector (range)

Pr(vr, R) = received power
PO(^()) = transmitted power of the laser pulse
K — efficiency of total optical system
T(v(}), T(vr) = one way transmittances at the

transmitted and received frequencies
Ar = effective receiver aperture
P(v(), 0) = volume coefficient
Y(R) = geometrical factor to account for the

overlap of transmitted and received
fields of view and equal to 1 for total
overlap

A/? = cr/2 = c(rp + rs + rc)/2 = range
resolution of measurement

c = speed of light (3 x 1010 cm/s)
Tp = laser pulse length
TV = species optical interaction time
TC = detection system response time

The total transmittance T(v) can be expressed as

where

r r* iT(v) = exp — I a(v, r) dr

a(v, r) = aA(v, r) + ac(v, r) + ap(v, r)

(2)

Fig. 2 Concentration of HC1 for a solid propellant at 40-km altitude,
contour levels in Abs[log10(molecules/cm3)]. The rocket nozzle is lo-
cated at the origin of the graph.

(3)
is the total extinction coefficient due to absorption and scat-
tering arising from atmospheric species (A), plume particu-
lates (P), and the species of interest (G). The atmospheric
extinction coefficient aA was evaluated for the two limiting
cases of a clear atmosphere containing only gaseous molecules
and no pollutants [Eq. (4a)] and one with aerosols [Eq. (4b)]3 4:

o-R = 4.56[A(/A)/0.55] 4 x 10 27 cm2

N(; = 2.55 x 1019/cm3 (4a)

a = (3.9WJ[0.55/A(//,)]«, q = 1.3, Vm = 16km (4b)

We obtained signal levels for a "moderately clear" atmo-
sphere by interpolation between the transmission factors given
by Eqs. (4a) and (4b).

The values of El} (300 mJ/pulse), TP (10 ns), TC (10 ns), K
(0.1), Ar (5000 cm2) were chosen in accordance with the spec-
ifications of the instrumentation to be developed for the DIAL
experiment, which yields a value of 3.15 m for A/?. The in-
teraction time was set equal to 1 ns, although it is essentially
instantaneous.

The detection of a returned signal presupposes scattering
of the radiation by larger sized particles in the plume. In
general, the plumes of solid propellant rockets contain A12O3
in the form of solid particulates whose radius can vary between
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0.01-20 fji with a mean -1-2 fjL.5~7 The interaction of these
particles with radiation obtainable from a Raman shifted
Nd:Glass laser (A — 1.7 JUL) must then be described by the
Mie scattering theory.8 The physics of the scattering mecha-
nism is contained in the volume backscattering coefficient /3,
which depends on the size distribution of A12O3 particles and
is given by the integral

r« - A
)3(i>, 9) = NP\ ^ f(d) -£- (*>, 0, a) da

J«min dil
(5)

where Np is the number density of scattering particles, f(a)
da is the fraction of the total number of particles with radius
between a and a + da, and daYdfl(V, 6, a) is the differential
scattering cross section at frequency v and scattering angle
d.4 Since the DIAL experiment will involve a monostatic ar-
rangement (colocated transmitter and detector), the scatter-

ing angle 0 will always equal 180 deg. The index of refraction
was obtained from an SPF2-SIRRM file.5-7-9 For simplicity,
we assumed spherical particles which can be treated exactly
by Mie theory and single (as opposed to multiple) scattering
which is valid for the plume predicted by SPF2 to be optically
thin.

DIAL Technique and Geometry
If it is assumed that the two wavelengths Aon and Aoff are

close enough together so that /3on = )3off, <rp(\on) = o"p(Aoff),
it can be shown that

P?ff(2)P?"(l)
P?n(2)/>?ff(l) (6)

Fig. 3 Schematic of a two laser wavelength DIAL measurement ap-
plied to the detection of HCI in an SRM cloud.

where d[Rt + (A/?/2)] is the average value of the HCI ab-
sorption coefficient in the range cell A/?, Rl is the penetration
distance into the plume, and R2 = Rl + A#. P?ff(l), P?n(l)
refer to power measurements at Rl9 and P°ff(2), P?n(2) refer
to power measurements at R2. By varying the position of range
cell 2 with respect to the leading edge of the cloud, a spatial
profile of the HCI absorption coefficient from the edge of the
cloud to a penetration distance R2 into the cloud can be ob-
tained.10 A schematic diagram of the DIAL technique is shown
in Fig. 3.10 The simplest geometry one could consider for the
DIAL experiment is that in which the laser beam intersects
the longitudinal plume axis at a 90-deg angle (Fig. 4).

Plume parameters were obtained from SPF2 and include
temperatures, pressures, mole fractions of HCI, and the num-
ber densities of the A12O3 particles corresponding to the three
particle radii. The number and values of radial gridpoints (for
the half-plume) is given for each axial location. The modeling
program establishes the width of the plume and then divides
it into segments of length A/? (Fig. 4). Average values for /3,
ap, and aHC1 are calculated in each bin from the values at

40 Km Plume, AY = 3.15 m, AX = 1.0 m
R(6) and R(7) Lines of HCI 35
Clear Atmosphere

Radial
Distance

(m)

sss--*»--•

7.13982
8.16968

15.63
24.25

32.83

Distance from Nozzle (m)
Fig. 4 Plume geometry and locations of range cells.
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each gridpoint of /3,, api, and the HC1 concentration, NHCl.
This is, in turn, obtained from the value of the HC1 mole
fraction given by SPF2, and the ideal gas law. The absorption
cross section cr(^) for each of the two on-resonance frequen-
cies is calculated from a subset of the high-resolution trans-
mission molecular absorption (HITRAN) data base11 using a
procedure which will be discussed in the following section.
All the relevant quantities are then combined into the LID AR
equation in order to compute the received power from each
range cell A/?, assuming a range of R = 40 km. In addition,
the numerically averaged temperature TAVE, as well as the
temperature weighted by the HC1 density rAVE(HCl), are
computed in each range cell A/?. Since HC1 is the gas which
will be used to extract values of temperature, it is valid to
compare the DIAL results for T with TAVE(HC1). This con-
stitutes the "forward" problem. We will now discuss the "in-
verse" problem.

Extraction of Temperature and Dependence
on Line Shape

Spectral lines arising from molecular transitions between
different energy states have a finite width which is caused by
natural broadening, thermal motion of the molecules, as well
as pressure effects. The exact width and shape of an HC1
absorption line will depend primarily on the temperature and
pressure in the corresponding region of the plume. One dis-
tinguishes among three most common broadening regimes:

1) Doppler broadening results from the random thermal
motion of the molecules and determines the line shape at
sufficiently low pressures and temperatures. For the extreme
conditions of a plume, a quantitative criterion will be defined
below. In the Doppler regime, theory predicts a Gaussian
contour.

2) Pressure-broadened transitions are more dominant at
higher pressures, as the name indicates. The spectral line-
shape is Lorentzian.

3) At intermediate pressures, the spectral line shape is ac-
curately represented by a Voigt profile, which is a convolution
of Gaussian and Lorentzian line shapes. It may be expressed
in terms of the real part of the error function of complex
argument w(z).3-12

Information regarding the HC1 /^-branch spectral lines, as
well as the water lines, is contained in a data file extracted
from the HITRAN data base.11 In our modeling program we
calculate the most general (Voigt) line shape centered about
the input laser frequency which we chose to coincide with the
centerline or resonant frequency. In order to establish the
appropriate pressure-temperature regime at each gridpoint
the following criterion was used. For a spectral transition with
a Doppler width yD and a Lorentz width yL we define a Voigt
parameter £

The Doppler and pressure-broadening regimes are defined as
follows13:

where

JL « JD
0.0 < £< 0.5
JL » Jo
0.5 < £ < 1.0

(Doppler limit)
(Doppler regime)
(Pressure limit)
(Pressure regime)

Thus, in the limit of low £ the Voigt profile should degenerate
into a Gaussian contour, and in the limit of high g it should
degenerate into a Lorentzian contour.

Knowledge of the shape of a transition line is critical when
attempting to extract a temperature from DIAL measure-
ments. It can be shown that the absorption coefficient is given
by12

= Einstein transition probability from /th (lower
level) to y th (upper) level

— frequency of //th transition
= rotational partition function (constant at a

given temperature)
= vibrational partition function (constant at a

given temperature)
= rotational quantum number of the /th (upper)

level of the transition
= rotational quantum number of the /th (lower)

level of the transition
= rotation energy of the lower level

Qr

<2u

/'

/"

E(J")
[1 - exp(/zcvz>/A;r)] = SE(T) = stimulated emission factor.
The exponential represents a Boltzmann factor and/(*>) is a
factor dependent on the line shape. The DIAL technique is
based on the measurement of the absorption coefficients for
two separate resonance lines of the 0-2 vibrational overtone
of HC1, «i(^i), a2(v2). Subtraction of the linearized equation
[obtained by taking the logarithm of both sides of Eq. (8)]
for a2(v2) from the corresponding expression for a^v^) yields

+ J" + l)i kT (9)

AijN(J' + /" + 1)
/0)exp kT SE(T) (8)

which gives the temperature in terms of the parameters of
the two resonance lines. The importance of including the
correct line shape factors/2, /i becomes clear from Eq. (9).
Without a priori knowledge of the line shape appropriate to
the temperature-pressure conditions of the plume region under
interrogation, the f actor f2lfl is unknown. On the other hand,
from numerical examples we found that substitution of an
erroneous line shape factor can lead to very large errors in
the extracted temperature. In order to resolve this issue, we
explored the various pressure-temperature regimes of our 40-
km representative rocket plume. Applying the £ criterion we
found that practically the entire plume can be considered a
Doppler regime. This is primarily a consequence of the low
pressures (P < 0.1 atm) prevalent in the plume. In this case,
the ratio of line shape factors does not involve the unknown
temperature and pressure. The frequencies of the R(6) and
R(7) lines are close enough together (v6 = 5779.549 cm"1

and v-j - 5790.41 cm"1) to produce a ratio/2//i = vllv2 =
1.001879 which is in turn close to unity. Therefore, for two
laser integration wavelengths within 12 cm"1, the omission of
the line shape factor altogether would produce only a rela-
tively small error in the temperature measurements.

Particle Size Distributions
We first chose the R(l) (v = 5706.094 cm"1) and the R(7)

(v = 5790.41 cm"1) lines in our modeling. The off-resonance
frequencies considered were 5789.05, 5791.00, and 5742.50
cm"1. However, we found that the average values of /3on(l),
/3on(7), and /3off differed considerably in each A/? bin. Al-
though R(l) and R(7) are separated by only 83 cm"1, the
values of dcr/dft obtained from the Mie theory vary suffi-
ciently rapidly with the size parameter 2mz/A, that f3 differs
greatly for the two wavelengths, especially for the larger size
particles. As a result, the extracted values of a were off by
factors of up to 4, and the resulting temperature estimates by
factors of 10 or 20!

We then decided to take two lines as close together as
possible, R(6) (v = 5779.549 cm"1), R(7), and an off-reso-
nance frequency (5784.60 cm" l) far enough away from a water
line to avoid interference. We found that for the discrete size
distribution of three radii used in SPF2, the average values
of /3 were still not close enough in magnitude to extract a
reasonable value of a. In actuality, a discrete A12O3 particle
size distribution in the plume is unphysical and an artifact of
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SPF2 which can only handle discrete size distributions. For a
continuous distribution the values of /3 would not vary as
drastically with A because the integration over the particle
radius [Eq. (5)] would, in effect, smooth out the rapid vari-
ation.

The above analysis made us realize that to obtain physical
results from our DIAL simulation, it would be necessary to
fit a continuous distribution to the discrete one given by SPF2
gridpoint by gridpoint. To do this, we assumed a log-normal
form

/(*) =
1 exp [•(logg-jogg^l (1Q)

where al is the mode radius and a is the standard deviation
and proceeded to numerically fit this distribution to the dis-
crete size particle densities given by SPF2.

The sensitivity analysis in the following section will make
it clear why it is important that the values of /3 be virtually
identical to extract a meaningful temperature profile.

Sensitivity Analysis and Estimate of Temperature
Measurement Accuracy

The accuracy of the average temperature extracted through
the DIAL technique as simulated in this article is based on
two criteria: 1) the validity of Eq. (6) for a three interrogation
wavelength scheme; and 2) the functional dependence of T
on the absorption coefficient a [Eq. (9)] and the dependence,
in turn, of a on the received laser power Pr [Eqs. (1) and
(2)]. Both conditions are also dependent upon the HC1 con-
centration within a spatial resolution bin A/?.

Determination of conditions for which the first criteria is
valid involves evaluations of functions e~x and &x which are
rapidly varying for x < 1. For the plume conditions predicted
by SPF2 at 40 km, where the HC1 density varies from ~3 x
1017/cm3 near the nozzle to ~1 x 1014/cm3 near the tail, 2kRa
= 0.007 « 1, and therefore, a small error in the extracted
value of e~2A/?" will produce a large error in a. The error in
a arises from the fact that the values of the backscattering
coefficient /3 are not "exactly" the same for the off- and on-
resonance frequencies, even when these differ by as little as
six or seven wave numbers. For example, at station no. 90
(667-m downstream) we found that if we require a maximum
error of 10% in the extracted temperature, then the ratio /3on/
j8off must equal 0.9996 (a for station 90 is ~3 x 1Q-5 cm-1).

Repeating the above calculation for a 20% error, we get
PoJPoft = 0.9992. Now, even theoretically, the values of a
for the on- and off-resonant frequencies do not agree this
well. At station no. 90, j8on/j8off varies between 0.9963-0.9974
(for the continuous size distribution). For the discrete size
distribution given by SPF2, agreement is even worse (—0.954).
The source of the difficulty is the low value of a (~3 x 10~5

cm"1) which arises from the correspondingly low HC1 density
in this region of the plume (—1.2 x 1014/cm3). If a were three
orders of magnitude higher, say 3 x 10~2 cm"1, then j8on/)8off
for the same AT? would only have to be as close as 0.6852.
We got comparable results for station no. 10 (7 m) as well.
This type of theoretical restriction allows little room for ex-
perimental error. Trying to get a better spatial resolution,
i.e., decreasing A/?, may not necessarily help. If the spatial
resolution were A/? = 157.5 m, then a 10% error in temper-
ature would require that /3on//3off = 0.998, whereas a 20%
error in T would require /3on//3off = 0.997.

The second criteria for temperature accuracy is related to
errors in measuring the three detected powers, P°ff(l), P?n(l),
and P?n(2), which in turn introduces an error in T as given
by Eqs. (6) and (9). We assume that there is no uncertainty
related to the energy levels and that any laser error sources,
such as a pulse to pulse power fluctuations or frequency sta-
bility, can be ignored. If the errors in measuring these terms
are statistically independent, then the error in T, A(T) can be
determined by

>?"(!)] (11)

where terms such as A[P°n-off(l, 2)] represent the error in
measured received power and are related to the signal-to-
noise ratio (S/N) as

P?"-off(l, 2) (12)

Application of Eq. (11) to Eqs. (6) and (9), with Eq. (12)
substituted into that result, gives

A(7) = 3) - £(/;)] L«?
(13)

Equation (13) shows that the error in the temperature mea-
surement is inversely proportional to the signal-to-noise ratio
and the HC1 concentration. The presence of the energy dif-
ference term in the denominator of Eq. (13) shows that if the
/3 coefficients on and off resonance were equal then the error
in the temperature measurement would be reduced as the
wavelength difference increases. The wavelengths chosen for
the simulation represent a compromise between these two
conditions.

Results
The geometry of the plume relative to the direction of the

laser beam assumed in this analysis is shown in Fig. 4. The
laser beam enters the plume parallel to the vertical strips.
These strips represent nine axial stations with range cells num-
bered in increasing order from the near-edge of the cloud. In
order to account for the finite size of the field of view of the
telescope (A^ = 1 m), the results for TAVE were averaged
over all neighboring axial points within 1 m of each axial
station.

The first issue to be addressed is that of the detectability
of the on- and off-resonance signals. In order for them to be
discernible, will the difference between P°r

n and P°r
ff be large

enough relative to the detector sensitivity. To answer this
question, we calculated the difference P?ff - P°r

n at the end
of each range cell and divided by the noise-equivalent-power
of the detector, equal in this case to 10~8 W. In this way, we
get the difference in the signal-to-noise ratio, which we have
plotted as a function of plume location in Fig. 5. For a clear
and moderately clear atmosphere, the difference in signal-to-
noise ratios were roughly equal for both the R(6) and R(l)
lines and ranged from 2000 near the nozzle to 0.7 near the
tail of the plume. Therefore, under these conditions the two
signals appear to be discernible over the majority of the plume.
In the presence of aerosols, however, the signal-to-noise ratio
was reduced by two orders of magnitude. This implies that
P"ff and P"n would be clearly distinguishable over the whole
width of the plume as far downstream as —150 m. Any further
down that that would result in the two signals being barely
distinguishable only when close to the axis of the plume.

We also obtained plots of P°n and Pff for ranges near the
plume. An example of these, corresponding to axial station
no. 10, is shown in Fig. 6. The sudden increase in signal—a
little before 40 km—signifies the near-edge of the plume and
is due to the pronounced backscattering from the plume par-
ticles. The signal rises until particle extinction overtakes back-
scattering of the laser radiation. The sudden drop after 40 km
signifies the far-edge of the plume. The upper curve represents
P?ff, while the lower curve represents P?n.

Results for the extracted average temperature in bin 1 are
shown in Fig. 7 as a function of axial distance for nine axial
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Fig. 5 Difference in signal-to-noise ratios from DIAL experiment stimulation.
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Fig. 6 LIDAR signal vs range at axial station no. 10 (7 m from the
nozzle) for a clear atmosphere.

stations. These are compared to curves of TAVE (HCI), the
HCI density-weighted average temperature in each cell, ob-
tained from the SPF2 flowfield prediction. Overall, the sim-
ulated DIAL curves exhibit the same structure as the theo-
retical SPF2 curves, except they tend to underpredict the
average temperature. The similar shapes of these curves imply
good qualitative agreement. An enlargement of the region of
the Mach disk is shown in Fig. 8. Here again we notice a
correspondence in shape and underlying structure between
the two curves which suggests that the DIAL technique may
help locate the region of the Mach disk. Examination of Figs.
7 and 8 show that the difference between the flowfield pre-
dicted temperature and the simulated experimentally ob-
tained temperature is —300 K. This value is consistent with
Eq. (13) for the R(6) and R(7) lines, the cell averaged mo-
lecular absorption coefficients obtained, and the signal-to-
noise ratios shown in Fig. 5. Alternatively, use of Eq. (13)
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Fig. 7 Average temperatures from DIAL simulation, 40-km SPF2
plume, clear atmosphere, HCI #(6), R(7) lines, A* = 1.0 M, AF =
3.15 M, BIN = 1.

shows that a signal-to-noise ratio of —300 is required to obtain
A(T) ~ ±200 K. Figure 9 shows the regions of the plume
where the expected error in the temperature would be less
than 30% for a clear atmosphere based on the sensitivity
analysis discussed above and Eq. (13).

Another issue is that of the Doppler frequency shifts gen-
erated by the moving masses in the plume. Gas and particle
temperatures and velocities from SPF2 have been used to
calculate the lineshift/linewidth ratios for selected portions of
the representative rocket plume. The results for gaseous HCI
are given in Fig. 10. Note that large lineshift/linewidth ratios
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can occur, especially near the nozzle exit plane. The concern
would be that these frequency shifts, if not accounted for,
could produce intensity measurement errors which would
translate into erroneous temperature estimates. Figure 11,
however, shows the effect of the Doppler shift on the average
absorption coefficient for a crossing geometry over the half-
plume width depicted in Fig. 10. The 20-m axial station data
gives lineshift/linewidth values of order 10%. However, the
average absorption coefficient at the nonshifted line-center
only changes by -0.34%, which should not seriously affect
the temperature measurement or the signal-to-noise ratio. At
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20.0

Fig. 8 Average temperatures from DIAL simulation of the Mach disk
area, 40-km SPF2 plume, clear atmosphere HCI #(6), R(7) lines, AX
= 1.0 M, AF = 3.15 M, BIN = 1.

an axial location of 3.4 m, the average absorption coefficient
at nonshifted line-center is lowered by 72%. This would alter
the signal-to-noise ratio of the measurement. However, even
this dramatic change in intensity should not cause problems
in the temperature determination. This is because similar
spectral shifts will occur for both ro-vibronic molecular tran-
sitions [R(6) and ^(7)] used in this work. The relative vs
absolute nature of the temperature measurement leads to a
cancellation of factors affecting the slope of the linearized
equation for temperature [Eq. (9)]. We have also incorpo-
rated a finite laser linewidth in the DIAL modeling. Although
this too may affect the S/N ratio, it presents no serious com-

Fig. 10 HCI lineshift/linewidth ratio.
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Fig. 9 Predicted error in DIAL temperature measurement.
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HCL R(6) LINE, FOR HALF PLUME WIDTH
STATION 27. AXIAL DISTANCE 20.34 METERS
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Fig. 11 Doppler shift effect on average absorption coefficient.

plication in the interpretation of the DIAL experimental re-
sults.

Conclusions
The numerical simulation presented here has demonstrated

that with careful modeling of the expected spatial variability
of physical parameters in the plume and atmosphere, the
adequacy of proposed DIAL instrumentation and implemen-
tation can be evaluated. Important physical effects such as
minimum HC1 concentration, absorption line shape, hot water
and atmospheric interference, and backscatter coefficient
wavelength sensitivity have been explored. The SPF2 flow-
field solution has been used as a source for prediction of
typical HC1 and alumina particulate concentrations. The re-
sults of the numerical simulation presented here (i.e., the
ability to measure a cell averaged temperature for a specified
accuracy) should be similar for other flowfield solutions.

The DIAL experiment will, in general, be difficult to con-
duct because of the need to frequency lock multiple lasers
and, for cases like the example of the present study, low HC1
plume densities which in turn impose a low error tolerance.
Although our results indicate that one may obtain valuable
information from a DIAL experiment (such as average gas

temperature and location of mach disks), we recommend a
stepwise approach to plume diagnostics. A much more prac-
tical short term goal would be simple laser backscattering
experiments to extract estimates of basic particulate proper-
ties and verify the wavelength dependence of /3 on and off
resonance. These preliminary measurements will facilitate the
DIAL experiment itself.
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