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Abstract - Optical tomography has been applied to an off-axis turbulent methane-air free jet to determine 
the mean methane concentration throughout the mixing region. Optical tomography is a multi-angular 
absorption technique which involves making M line of sight absorption measurements (projections) at N 
angles. These M x N measurements are then used to reconstruct the original two-dimensional flow field. 
Absorption measurements were made on methane using the near resonance 3.39 pm line of a He-Ne laser. 
Mean concentration measurements were obtained at three positions downstream of the jet exit plane. 
Comparisons with the results of previous workers for the axial and radial mean concentration profiles show 
good agreement. Additionally, the sensitivity of the reconstructed results to the number of angles and scans 
used is briefly described. The results demonstrate the unique capabilities of optical tomography for flow field 

diagnostics. 

NOMENCLATURE 

a, spacing between parallel beams (spatial 
interval); 

4 inner diameter of the jet orifice; 

F(x, Y), the property field W,Q,d; 
I VO, incident intensity at frequency v; 
I 

kl: k,, 

transmitted intensity at frequency v; 
constants; 

M, the number of parallel rays for each 
projection ; 

N, the number of projections (viewing angles); 

m,, the mean concentration of species i; 

mic, the mean concentration at the centerline; 

N,, the concentration of species i; 

N iOI the initial concentration at the jet orifice; 
P(r,O), the projection at angle 0; 

Q Vi> the absorption coefficient of species i at 
wavelength v ; 

R, the radius of the measurement field; 

r, the radial coordinate; 

r1i2, the radial coordinate at which the mean 
concentration has reached one-half its cen- 
terline value ; 

s, the path length over which the absorption 
is measured ; 

Z, the axial coordinate ; 

zo, virtual origin of the jet. 

Greek symbols 

4 the viewing angle of the projection; 

‘I, r/(z + ~6) ; 
P, the spatial frequency in the transform 

domain ; 

0 1981 U.S. Government. 

P mam the spatial bandlimit of P(w, 0) ; 
V, the frequency of the intensity source; 

0, 27rp. 

Superscript 
* 

indicates Fourier transform operation. 

1. INTRODUCTION 

FLOW FIELDS typically encountered in combusting and 
other high temperature reacting flows are spatially and 
temporally variant and quite complex. Flow charac- 
teristics are controlled by nonlinear interactions be- 
tween chemical and fluid dynamical processes. The 
characterization of such complex flow fields requires 
measurements with high spatial and temporal re- 
solution. Recognition of this need has resulted in a 
considerable effort towards development of a wide 
range of diagnostic techniques. Of particular signifi- 
cance have been developments in laser-based diag- 
nostics which are now widely used to measure velo- 
city, concentration and temperature. 

Techniques which provide point measurements, 
such as laser scattering, CARS and fluorescence, have 
received most of the attention, due to their capability 
to resolve spatially non-homogeneous flows. Absorp- 
tion diagnostics provide the capability for measuring 
low concentrations of chemical species, and have been 
used extensively in analytical instrumentation. How- 
ever, application of absorption measurements in 
reacting and fluctuating flows has been limited, due to 
the path-integrating nature of the measurement and 
the resultant inability to resolve a non-uniform pro- 
perty field. An ‘onion peeling’ technique involving 
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Abel inversion has been used to overcome the path 
integration limitation of absorption measurements. 
However, this technique is limited to flow fields with 
suitable symmetry properties; in addition, ‘onion 
peeling’ methods amplify experimental errors [l, 21. 

The purpose of this paper is to discuss a multi- 
angular scanning technique (optical tomography) 
which extends the application of absorption diagnos- 
tics to nonuniform flow fields. Multiangular scanning 
techniques have been successfully applied to medical 
X-ray tomography [3, 41, radio astronomy [5], in- 
terferometry [6] and materials inspection [7, 81. In 
addition, extension of this approach for concen- 
tration and temperature measurements in combusting 
flows has been examined [2,9]. Applications intended 
for monitoring of atmospheric pollutants have also 
been proposed [lo, 111. Recent experimental work [9, 
121 has established more clearly the constraints and 
requirements of multiangular absorption techniques 
for flow diagnostics, and has provided preliminary 
results demonstrating the feasibility of the approach. 

This paper includes results, obtained using the 
multiangular absorption technique, on a turbulent 
round jet issuing into a quiescent environment. Com- 
parisons of axial decay rates with the results of 
previous workers are presented, along with the two- 
dimensional radial concentration profiles. An exam- 
ination of the criterion for proper spatial sampling of a 
bandlimited function is reviewed and compared with 
the present experimental cases. In addition, the re- 
quirements for proper sampling are explicitly com- 
pared to simulated test cases previously studied [9, 
13-J. 

2. MULTIANGULAR SCANNING 

The multiangular absorption technique involves the 
measurement of absorption along M equally spaced 
parallel beams at N equally spaced angles, forming an 
M x N data set from which it is possible to retrieve or 
‘reconstruct’ the original property field. The absorp- 
tion along each individual beam is governed by the 
Bouguer-Lambert-Beer law which can be expressed 
as 

IdlYo = exp( - SNiQvids) (1) 

where IV/I,, is the ratio of the transmitted to initial 
intensity at frequency v, Ni is the concentration of 
species i which absorbs at frequency v, QYi is the 
absorption cross section for Ni at frequency v, and s is 
the path length. This equation may be rewritten as (see 
Fig. 1) 

_ ln Iv@9 0) 
__ = P(r, B) = 

I VO s +J. 

F(x, y)ds (2) 
-a 

where r = xc0sf.J + ysin8, s = - xsintl+ ycos6. 
P(r, 6) is defined as the ‘projection’ for the angle 6. 

Since the ratio Is/lvo can be measured experimentally, 
P(r,fl) is known and the solution of equation (2) for 

FIG. 1. Projection P(r, 0) in polar coordinates. 

F(x,y) will yield the desired property field (NiQVi). 
Thus the multiangular scanning technique is based 
upon the reconstruction of a property field, F(x, y), 
from a set of its projections, P(r,@. Details of the 
solution procedure have been presented previously [9, 
131, and only a brief exposition of the analysis will be 
given here. 

The solution procedure utilizes the convolution 
technique developed by Ramachandran and Laksh- 
minarayanan [14]. Although it is a Fourier transform 
approach, this technique does not actually require the 
evaluation of any transforms, and allows high speed 
computation of the property field. 

In this method the Fourier transform of equation (2) 
is written 

s 

+oj 
P(0,e) = P(r,O)emiwdr 

-a 
+cc +cc 

= 
s s 

F(r,s)e-‘“drds (3) 
--oo -z1 

where w = 2np and p is the spatial frequency. The 
Fourier transform of P(r, 0) can be related to the two- 
dimensional Fourier transform of F(r, s) 

+n +a 
P(0, e) = 

s s 
F(r,s)e-i(“N+9S)drdsJ,=o (4) 

--1) -aZ 

when it is evaluated along the line rl = 0 in the two- 
dimensional frequency plane. This is the ‘central slice 
theorem’ (see e.g. [4]) which relates the one- 
dimensional Fourier transform (q = 0) of the one- 
dimensional projection P(r, 0) to the two-dimensional 
Fourier transform of the property field F(r,s). This 
theorem expresses the fact that the one-dimensional 
Fourier transform of the projection is a ‘slice’ through 
the Fourier transform plane of F(r, s) at the angle 0 (see 
Fig. 2). For each value of 6, the values of&w, 9) can be 
plotted for all pertinent values of o. A 180” sweep of 0 
yields all values of &,0) in the Fourier transform 
plane. The function F(x, y) can therefore be retrieved 

as the inverse Fourier transform of the set of &w,e) 
which are derived from the experimentally measured 
projections. 
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FIG. 2. The central slice theorem. 

If equation (4) is expressed in Cartesian coordinates 
and the inverse transform operation is performed, then 
F(x, y) is given by 

Now let I/ be equal to the inner integral 

and define a function I#J such that its Fourier transform 
is given as 

&J)= /WI. 

Then from the convolution theorem for Fourier 
transforms 

s 

+OZ 
V(r, e) = P(r,kJ) qi(r - 7) dr (6) 

-m 

and 

F(x, y) = & 
n 

s s 

+CC 
d0 ~(7~4 

0 -m 

I$(X cos 8 + y sin 6 - r)dt. (7) 

Since P(r, 0) is known only in the sampled domain, 
the integrals in equation (7) must be replaced by their 
discrete summation approximations. Thus, 

R(x, Y) = & ,$ ,ir R(r,, 0,)4(x c0s 8, + y sin e, - Q) = 

where a is the spacing between uniform samples and 

0, = (j - 1)x/N rk = ka. 

qb may be interpreted as a weighting function of the 
distance from the point (x, y), where the property 
F(x, y) is to be evaluated, to rk where a value of the 

projection P(r,@ is evaluated. An accurate recon- 
struction will require th_at the Fourier transform of 4 
satisfies the condition 4(o) E ) o I c 2npmeu where 
pmax is the radius of the transform space. The choice of 
the function 4(r) greatly affects the computational 
requirements as well as the accuracy of the results. In 
the present study the modified Shepp-Logan filter 
[15] has been used 

B(rfJ = 0.4+(r,) + O.W(r,+ r) + 0.3&r,- t) 

(9) 

d&A = - 
na2(4kz - 1) 

k =O, fl, +2, . . 

d(r) can be considered a filter function (see Kwoh, 
Reed and Truoung [16] for a comparison of various 
filter functions) and its selection must be dependent on 
the noise of the instrumentation system as well as the 
bandlimit of the function (see Section 5). 

Accurate reconstruction of the property field, N, Qvi, 
will be dependent on the proper choice of the sampling 
intervals, that is the choice of M and N, as well as the 
choice of the appropriate form of the filter function, 4. 

From the sampling theorem [ 171, a function can be 
uniquely recovered from its samples if it is sampled at a 
rate greater than twice the highest frequency com- 
ponent of the function (sampling rate 2 2p,,,). The 
present function, F(x, y), is assumed to have a band- 
limited Fourier transform, i.e. @x, y) = PO(p) = 0 for 

P ’ Pmax, while in the measurement or physical space 
F(x, y) = 0 if r = x2 + yz 2 R, where R is the radius of 
the measurement space. The proper choice of M and N 
under these conditions, which has been discussed 
previously [9], requires that (4Rp,,,) equally spaced 
rays are measured at (27rRp,,,) equally spaced angles. 
If this criterion is not met, the reconstructed field is 
likely to show effects due to ‘aliasing’ [18]. Aliasing is a 
term used to describe the effects observed when a 
function is undersampled. In such a case the sampled 
function contains contributions from the undersam- 
pled high frequency components which appear as 
lower frequency contributions in the transform do- 
main. Unambiguous identification of aliasing effects 
requires a knowledge of the original function from 
which accurate comparisons can be made. Oper- 
ationally one could increase the sample rate until 
aliasing effects are observed to be unimportant. Once 
these minimum sampling conditions have been satis- 
fied, additional higher frequency sampling (i.e. over- 
sampling) although unnecessary from a theoretical 
viewpoint, in general can improve the reconstruction 
in the presence of noise. 

3. EXPERIMENTAL 

The objective of the present experimental program 
is to provide a preliminary assessment of the utility of 
multiangular absorption techniques for combustion 
diagnostics. In order to minimize experimental diffic- 
ulties introduced by combustion, a simple flow con- 
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figuration has been chosen for these initial experi- 
ments. A turbulent methane-air diffusion jet expand- 
ing into ambient air has been studied under steady flow 
conditions, at atmospheric pressure and room tem- 
perature. The jet apparatus consists of a 10.8 mm I.D. 
brass tube located 19mm from the center line of a 
15.25 cm dia. brass plate. Locating the jet off the 
centerline introduces an apparent asymmetry into the 
flow upon rotation of the circular plate. The jet flow is 
supplied from a 10 cm dia. cylindrical chamber contain- 
ing a mixing section filled with glass beads. Flow 
straighteners and screens are contained in the jet 
section to provide a relatively uniform exit flow profile. 
The jet/plane combination is mounted on a milling 
machine bed which allows for accurate three- 
dimensional positioning of the unit. The precision of 
positioning was limited by the resolution of the milling 
machine bed which was 0.025 mm. However, the 
apparatus centerline could only be determined with an 
accuracy of f0.25 mm. 

Mixtures of 10 % methane-90 % air were used in all 
experiments. Matheson* technical grade methane and 
air supplied from an in-house compressor were used. 
All flows were monitored using rotameters. The jet exit 
flow conditions corresponded to a Reynolds number 
of 29000 and an exit velocity of 35 ms-‘. 

Concentration measurements were based on absorp- 
tion by methane of the near resonant 3.39 pm line of a 
He-Ne laser [19]. The experimental arrangement for 
the absorption measurements is shown in Fig. 3. A 
Spectra Physics Model 120 He-Ne laser operating at 
3.39 pm with an output of approximately 2 mW was 
used as the laser light source. A quartz lens with a 
20 cm focal length was used to produce a beam whose 
diameter across the jet/plate region was 1.3mm. A 
second 20 cm lens then focused the transmitted beam 
on a radiometer (Laser Precision Model RK 5100). 
This unit utilizes a pyroelectric detector and lock-in 
amplifier detection to monitor the laser intensity and 
provides a convenient means of measuring the full 
laser intensity with suitable thermal stability and 
background noise rejection. The output of the lock-in 
amplifier was monitored with Fluke Model 2240B 
Datalogger, and the digital data were transferred to a 
DEC PDP 11/60 minicomputer for storage. 

A complete set of absorption measurements was 
made across the jet at three axial locations, z = 1.27, 
12.7 and 25.4 cm downstream of the jet exit plane. At 
each axial location, projections were obtained for 12 
separate angles. At each angle, the projection was 
determined by incrementally traversing the jet through 
the laser beam. The jet was then rotated 15” and the 

*Certain commercial equipment, instruments, or materials 
are identified in this paper in order to adequately specify the 
experimental procedure. In no case does such identification 
imply recommendation or endorsement by the National 
Bureau of Standards, nor does it imply that the material or 
equipment identified is necessarily the best available for the 
purpose. 
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FIG. 3. Schematic of experimental apparatus. 

measurements were repeated. The parallel beam spac- 
ing for each axial location was chosen to keep the 
number of absorption measurements within the jet 
nearly constant. Therefore the spatial sampling in- 
terval was increased at larger axial distances. This 
resulted in a radial span of 6.4 cm (101 points) at 
z = 1.27 cm, 10.2 cm (81 points) at z = 12.7 cm, and 
20.4cm (81 points) at z = 25.4cm. For each parallel 
ray, 50 readings were taken and the average value was 
used in all further calculations. For the present 
experiments the detection system was operated with a 
0.1 s time constant, and individual intensity readings 
were taken at 0.2 s intervals. 

The axial locations for the measurements were 
chosen to span the characteristic regions of the flow 
and thus present a variety of measurement conditions. 
In particular, the near exit location (z = 1.27cm) 
should exhibit the steepest gradients and thus be more 
susceptible to aliasing effects. The z = 25.4 cm po- 
sition should be in the similarity region of the flow and 
thus provides the best conditions for comparisons with 
the results of previous workers. The z = 12.7cm 
location provides a position where an estimate of the 
location of transition to the similarity region can be 
made. 

4. RESULTS 

The projection data were analyzed as described 
previously in Section 2, and a reconstruction of the 
concentration profile at each axial position was ob- 
tained using equation (8). The reconstruction results 
are shown in Figs. 4-6. These plots of the con- 
centration profiles are given as the product NtQYi since 
it is this quantity which is actually obtained from the 
analysis. The concentration of methane can be found 
by dividing the linear absorption coefficient, N,QV,, by 
the absorption coefficient for methane. For the present 
experimental conditions the results of McMahon et al. 
[19] have been extrapolated to yield a value of 
lOatm_ ’ cm-i for Qvti It must be emphasized that 
since the projections were taken in a sequential 
manner as previously described, these profiles repre- 
sent the time averaged (mean) values of the linear 
absorption coefficient in the jet. 
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FIG. 4. Reconstructed property field NiQvi for z = 1.27cm. 

The concentration profiles show qualitatively the 
features one expects. Close to the jet the profile has a 
top-hat character while as the axial distance increases 
a more Gaussian profile is observed. These profiles 
show a smooth expansion between the z = 12.7 and z 
= 25.4 cm positions. It should be noted that Figs. 4-6 
are plotted with different scales while the figure size is 
maintained constant for readability. In general the 
reconstructions appear satisfactorily devoid of noise 
and aliasing effects. This is somewhat less true for the z 
= 1.27cm axial position where some aliasing, parti- 
cularly at the boundary of the spatial domain, is noted. 
This effect is due to the sharp concentration gradients 
present which require high spatial sampling for proper 
reconstruction. In addition to the aliasing away from 
thejet, the peak values do show a 10 % variation across 
the top-hat portion of the profile. This is likely to be 
due to aliasing. Further discussion of the importance 
of aliasing, noise and filtering will be presented later in 
this paper. 

Quantitative comparisons have been made to assess 
the internal consistency of the data as well as to 
compare with previous results on similar jets. Since the 

jet/plate arrangement introduced an asymmetry upon 
rotation, the position of the jet centerline presented a 
test for the multiangular absorption technique. The 
centroid position for each of the profiles was calculated 
from the linear absorption coefficient values and found 
to be 18.5, 19.8 and 19.3 mm respectively for the three 
axial positions. These compare well with the known jet 
position of 19 mm from the centerline of the plate. As a 
check on the concentration measurements, a com- 
parison between the concentration value at the z 
= 1.27 cm position and the measured flow was made 
assuming the absorption coefficient to be 
lOatm_‘cm-‘. At this position the concentration 
within the potential core has not decayed from its 
initial value. The methane concentration obtained 
from the absorption measurements was 9 % compared 
to the rotameter measurement of 10% methane. 
Considering the uncertainties in the rotameter 
measurements ( + 5 %) and the extrapolated value for 
the absorption coefficient, this agreement is 
satisfactory: 

To verify the consistency of the reconstruction 
results with the original data, the reconstructed con- 
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FIG. 5. Reconstructed property field N,Qvi for z = 12.7cm. 

centration profiles were integrated for comparison 
with the original projections, (see Fig. 7). Agreement is 
excellent for the z = 12.7 and z = 254cm positions 
with some differences observed for the z = 1.27 cm 
position. For this latter case the error observed is 
traceable to the increased aliasing observed at this 
position as discussed earlier. 

Measurements of the mean concentration in a free 
turbulent jet discharging into a stagnant atmosphere 
have been presented by several workers [20-231. 
These studies have involved point measurement tech- 
niques such as Raman scattering [20], laser particle 
scattering [21, 221 and sampling probes [23], and 
include extensive investigations of both the mean and 
fluctuating characteristics of such jets. For the present 
study comparisons are limited to the mean con- 
centration results. 

The decay of the normalized mean concentration 
along the centerline is usually expressed [20] as 

NdN,, = k,d/(r + ro) (10) 

where N,JN,e is the ratio of the mean centerline 

concentration at the axial location z, divided by the 
initial concentration, d is the jet diameter, and k, and 
to are constants. Previous workers have reported 
results in the form of equation (10) typically for values 
of z/d equal or greater than 20. For positions where z is 
less than 20 jet diameters, the flow does not exhibit 
sufficient similarity for equation (10) to be appropriate. 
Table 1 shows the comparison of the results for z/d 
2 20 from studies by Becker, Hottel and Williams 
[22], Birch et al. [20], and Hinze and Van der Hegge 
Z&en [23] with those of z = 254cm for the present 
case. For z = 12.7cm the plotted data from [22] are 
shown along with the results of [23]. Agreement with 
previous studies is considered good. Because of the 
limited number of axial stations examined, no attempt 
has been made to express the present results in the 
form of equation (10). The ratios given in Table 1 for 
this work were obtained using the value for NrQ,, 
obtained for z = 1.27 cm position for the initial con- 
centration. The concentration at this point has not 
decayed from the exit plane value, and its use elim- 
inates the need for choosing a value for QYti 
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FIG. 6. Reconstructed property field NiQvi for z = 25.4 cm. 
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FIG. 7. Comparison of reconstructed projections with measured projections : (a) z = 1.27 cm, (b) z = 12.7 cm, 
(c) z = 25.4 cm; - measured projection ; --- reconstructed projection. 
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Table 1. Comparison of the normalized axial mean concentration 

Z (cm) Zld Becker [22] 

12.7 11.8 0.53* 
25.4 23.5 0.26 

*Taken from plot of data. 

Birch [20] Hinze [23] 

- 0.42 
0.22 0.22 

This 
Paper 

0.50 
0.24 

0.9 

0.8 

0.7 

0 2=12.1 cm 
A 2=25.4Cm 

- Birch et. ~1.~~ 

i 0.8 
_= 
“c 0.5 

FIG. 8. Normalized radial concentration as a function of r/r,,‘*. 

Figure 8 shows the results for the radial profile of the 
normalized mean concentration for the axial positions 
12.7 and 25.4 cm as a function of rfrljl where r1,2 is the 
position at which the mean concentration has reached 
one-half of its centerline value. Similarity of the profiles 
for these positions is clear, and agreement with the 

results of Birch et al. [20] is very good. The data were 
also fit to a self-preserving form given by Becker, 
Hottel and Williams [22] 

IVJNic = exp(- kzq2) (11) 
with q = r/(z + zo). Our results along with the results 

i 
0 2=12.7cm 
A 2=25.4cm 

- Beckerei d.22 

0.4 - uA 0 
A 
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A0 
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0 1 I I 1 L I I 
0 0.04 0.08 0.12 0.16 0.20 0.24 

rl 

FIG. 9. Normalized radial concentration as a function of q = r/(z + zO). 
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Table 2. Comparison of the normalized jet half-width (rlJd) 

Z (cm) W Becker [22] Birch [20] Shaughnessy [21] 
This 
paper 

12.7 11.8 1.14 (0.99)* 1.14 0.98 
25.4 23.5 2.24 2.28 2.38 2.28 

*Obtained from equation (1) of [22]. 

of Becker, Hottel and Williams (k, = 61.6 and ~0 = 
-2.4d) are shown in Fig. 9. A least squares fit to our 
data for z = 25.4 cm yields values of k2 = 62.0 and 
zo = - 3.0d. Again very good agreement is obtained 
with the results of Becker, Hottel and Williams. 

Table 2 presents a comparison of the results of 
previous measurements of r,,Jd with our results 
Agreement at the z = 25.4 cm location is excellent. The 
axial location at which similarity is attained varies 
from 8 to 20diameters and is probably a function of the 
jet configuration and initial flow conditions. At the z 
= 12.7cm location, the agreement with the data of 
Birch and Becker and their co-workers is not as good if 
it is assumed that the jet is not fully developed. 
However, the results shown in Fig. 8 indicate that the 
flow is already fully developed at z = 12.7cm. Based 
on this observation, if the measured jet half-width is 
compared to the value obtained from the analytical 
expression of Becker for the similarity region (rli2/d 
= 0.99), then the agreement is quite good. 

The agreement shown for the axial and radial mean 
concentration clearly establishes that the multiangular 
absorption approach can provide accurate measure- 
ment of the time-averaged properties of the flow field. 
Similar comparison for fluctuating quantities will 
require a more involved instrumentation approach 
and will be discussed in the next section. 

As a final comparison, the property field for a single 
axial location (z = 12.7cm) was reconstructed using 
the data from only six angles, with the objective of 
providing a point of comparison with previous multi- 
angular scanning simulation studies [9,13]. The results 
for the six-angle case are shown in Fig. 10. The increase 
in aliasing effects at the edges of the reconstruction can 
be easily seen, although the jet region itself shows very 
little difference from the full twelve angle case shown in 
Fig. 5. 

The previous results using simulated ‘noiseless’ test 
functions [9] are shown in Fig. 11. The effect of 
decreasing the number of projections (i.e. the number 
of angles used) resulted in an increase in the aliasing 
effects observed in the reconstructed function. A 
comparison of the N = 6 and N = 10 of Fig. 11 with 
Figs. 10 and 5, respectively shows that the simulated 
test function studies quite accurately represent the 
effects observed for this experimental work. 

5. DISCUSSION 

Reconstruction errors 
Part of the motivation for obtainine concentration usmg SIX proJectIons (vlewmg angles). 

measurements at various axial locations was to eva- 
luate the effect of increasing the bandlimit of the 
sampled concentration property field. The bandlimit 
of a function refers to the highest frequency component 
present in the transformed function. The spatial in- 
tervals a and A0 must be chosen such that the 
corresponding spatial frequencies l/a and l/RAB 
(which determine the highest sampling frequencies) 
satisfy the requirements of the sampling theorem for 
the function (see Section 2). The highest bandlimit 
occurred for the near-exit position of z = 1.27cm, 
where the concentration gradients were the steepest, 
and the lowest bandlimit occurred at z = 25.4cm. 
Quantitative information concerning the bandlimit 
was obtained by taking the discrete Fourier transform 
of the input projection data and choosing the band- 
limit to be the frequency at which 99% of the energy 
spectrum was included. The energy spectrum is chosen 
since, from Parseval’s formula [17], we know the 
energy to be conserved in transforming from the 
spatial to the frequency domain. The Fourier analysis 
[24] yields bandlimits of 0.94,0.4 and 0.2 cm- 1 for the 
1.27, 12.7 and 25.4cm axial positions, respectively. 
According to the results presented in Section 2 for the 
present values for M and N, the angular and parallel 
ray sampling limits which satisfy the sampling theorem 
condition are 0.6 and 8.0 cm-‘, 0.4 and 4.0 cm-‘, 

FIG. 10. Reconstructed property field NiQvi for z = 12.7cm , 
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True function 

N= IO N=2 

N=6 

FIG. 11. Reconstruction of a Gaussian function using N projections (viewing angles). 

and 0.2 and 1.99cm-‘, respectively as the axial 
location increases. Therefore, we see that in terms of 
the parallel rays the property field is oversampled 
while the angular requirement is adequately met for 
the 12.7 and 25.4 cm locations, but is undersampled for 
the 1.27 cm location. In fact, based on the bandlimit, 
previous analysis predicts that 18 angles rather than 12 
are required for adequate sampling of the field near the 
jet exit plane. The consequences of undersampling are 
reflected in the observed aliasing effects described in 
Section 4 for this location. The close agreement 
between the observed sampling requirements and 
those calculated based on previous simulation studies 
[9, 131 is supportive of further extension of the 
multiangular absorption technique to more com- 
plicated flow configurations where simulated results 
have shown promise. 

Noise and filtering 
In Section 2 it was pointed out that in order to 

reconstruct the property field F(x, y), using equation 
(8), the weighting function b(r) must be chosen. Several 
such functions have been considered in the literature 
[14-161, and for the present study the modified 
Shepp-Logan filter [ 151 has been used. The choice of 
the weighting function can have a significant effect on 
the ‘noise’ observed in the reconstructed property field. 
Statistical fluctuations due to the light source or 
detector system are likely sources of noise for real time 
systems. The requirement that the data be obtained 
sequentially introduces an additional ‘noise’ source for 
the present case. This ‘noise’ results from the fluc- 

tuations in absorptivity and the statistical variation 

due to the sampling procedure used to obtain the data. 
The approach to the treatment of noise is therefore 
closely related to the nature of the experiment and 
must be addressed as a unique and specific problem. 

For this study the discrete Fourier transform ana- 
lysis provided an estimate of the bandlimit of the 
projection and thus represented a criterion for com- 
parison with the bandpass of the filter function. The 
modified Shepp-Logan filter was found to closely 
approximate 1 w ) for frequencies below the bandlimits 
presented in the previous section while attenuating 
frequencies outside the bandlimit [24]. 

Future work 
This series of experiments has examined the applica- 

bility of multiangular absorption techniques for flow 
diagnostics. The results have demonstrated that ac- 
curate mean concentration measurements can be 
obtained in situations where asymmetries are present. 
For utility as a flow diagnostic technique, however, 
real time measurements are desirable. Real-time 
measurements require that all the data be acquired 
simultaneously, i.e. M absorption measurements must 
be made at N angles at one instant in time. This 
requirement can be achieved with the use of presently 
available photo-array detectors coupled with high 
speed digital processing. The present results indicate in 
support of previous work [9] that a modest number of 
angles are required, while available linear arrays easily 
meet the parallel ray sampling requirements. 

Absorption based diagnostics have the advantage of 
high sensitivity for a wide variety of species [9, 251. 
Multiangular absorption applications can be con- 
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sidered for measurements in the infrared, visible and 
near ultraviolet regions of the spectrum. Specific 
choices are sensitive to the availability and cost of 
suitable light sources and detector arrays. Additional 
considerations arise when combusting flows are stud- 
ied. In future work two major objectives are en- 
visioned: (a) to demonstrate real-time measurement 
capability; and (b) to examine the complications 
arising from combustion. 

Practical considerations favor the visible and near 
ultraviolet regions of spectrum, and a silicon photo- 
array system is being prepared. This system will allow 
complete property field measurements to be obtained 
at a 10 kHz rate with aperture times of 50 ps. The 
maximum measurement rate (10 kHz) is well within 
the limitations imposed by detector array scan rates, 
sensitivity and available digital processing rates (e.g. 
analog to digital conversion and data storage require- 
ment). This rate corresponds to exposure times nec- 
essary to ‘freeze’ the turbulent eddy structure of the jet, 
as illustrated by high speed (6 kHz) photography 
studies [26, 271. 

Consideration of combustion effects will be in- 
vestigated from both the mean concentration ap 
proaches described in this work and the real-time 
measurements discussed in this section. Mean con- 
centration measurements in a methane diffusion flame 
will be used to examine the effect of steep gradients in 
refractive index, temperature and concentration in- 
troduced by combustion. Previous diffusion flame 
studies [28] have shown that gradients found in flames 
are similar to those observed in this study. Similar 
considerations will be investigated in seeded flows with 
the real-time system. 

6. CONCLUSIONS 

The multiangular absorption approach has been 
applied to the measurement of a turbulent jet exiting 
into a quiescent atmosphere. The technique has been 
demonstrated to be capable of accurate concentration 
and position determination in cases without axial 
symmetry. Comparison of mean concentration pro- 
files with those obtained by previous workers has 
shown good agreement with the reconstructed pro- 
perty field. Analysis of the importance of appropriate 
spatial sampling has been presented and compared 
with previous simulation studies. These comparisons 
have further validated the accuracy and usefulness of 
those studies while providing further incentive for the 
extension of multiangular techniques to more complex 
flow conditions. 
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TOMOGRAPHIE OPTIQUE POUR LE DIAGNOSTIC DES CHAMPS D’ECOULEMENT 

R&me-La tomographie optique est appliquee i un jet libre turbulent de mkthane et d’air pour determiner 

la concentration moyenne du mithane dans la rigion de mtlange. La tomographie optique est une technique 
d’absorption multiangulaire concernant M mesures d’absorption en ligne (projections) A N angles. Ces M x 
N donn&s sont exploit&s pour re-constituer le champ d’icoulement bidimensionnel. Des mesures 
d’absorption sont effect&es sur du mCthane en utilisant la ligne 3,39 pm proche de la r&onnance d’un laser 
He-Ne. Des mesures de concentration moyenne sont obtenues pour trois positions en aval du plan d’6mission 
du jet. Des comparaisons avec les rbultats antkieurs sur les profils de concentration axiaux et radiaux 
montrent un bon accord. La sensibilite des rtsultats au nombre d’angles et de scans est bribvement d&rite. 
Les rtsultats dtmontrent la capacitt unique de la tomographie optique pour le diagnostic des champs 

d’Ccoulement. 

OPTISCHE TOMOGRAFIE ZUR UNTERSUCHUNG VON STROMUNGSFELDERN 

Zusammenfassung-Die optische Tomografie wurde auf einen turbulenten Methan/Luft-Freistrahl ange- 
wendet, urn die mittlere Methankonzentration im gesamten Mischungsbereich zu bestimmen. Die optische 
Tomogratie ist eine Mehrwinkel-Absorptionsmethode, die darin besteht, daO M Sichtabsorptionslinien 
(Projektionen) bei N Winkeln gemessen werden. Mit Hilfe dieser M x N Messungen wird dann das 
zweidimensionale StrGmungsfeld rekonstruiert. Die Absorptionsmessungen an Methan wurden mit der 
resonanznahen 3,39 pm-Linie eines He-Ne-Lasers durchgefiihrt. Die mittleren Konzentrationen wurden an 
drei Positionen stromabwiirts von der Austrittsebene des Strahles gemessen. Vergleiche mit den Ergebnissen 
friiherer Experimentatoren fiir die axialen und radialen mittleren Konzentrationsprofile zeigen gute 
Ubereinstimmung. Ferner wird die Empfindlichkeit der Ergebnisse auf die Anzahl der Linien und Winkel 
kurz beschrieben. Die Ergebnisse demonstrieren die einzigartigen Maglichkeiten der optischen Tomo- 

grafie fiir die Untersuchung von Strb;mungsfeldern. 

MCIIOJlb30BAHME OIITMqECKOti TOMOl-PA@MM AJlX AMAl-HOCTMKH 
lIOJIX TErlEHMII 

AHHOTBWI - OnTsrecxar TOMOrpB@B 6bma npwMeHeHa anll cnygaa ryp6yJIeHrHOrO CTpyfiHOrO 

HCTe’EHHR CMeCB M'STBHB C B03AYXOM AAR On~AeJIeHLfB CpAHeti KOHWHTpaWH MeTaHa B 06JIBCTH 

chle~eHen.OnTH~eCKaKTOMOrpa~Hn - 3T0 MeTOA 83MepHHfl nOI-JIO"JeHHB "0 M BA3HpHblM JlIiHEiIlM 

(npOeKuHRM)B N )'UlaX. 3WeM n0 ABHHbIM hf X N~sMepeHHti C-rpOHWB KapTHHB IlePBOHB'WlbHOrO 

AB,'MepHOrO nOJIll TeWHWB. fl3MepHHB npOBOAHnHCb Ha MeTaHe C HCnOnbSOBaHHeM 6nuEHeti p30- 

HBHCHOfi AHHHH 3,39 MKM reJ,Hti-HeOHOBOrO AB3epB. CpAHHe 3HaWHUII KOHWHTpBUHfi H3MepanHCb 

B TpeX nonomeHHax 3a nJ,OCKOCTbIO HCTeYeHHIl c~py~. nonyqeH0 xopomee COBnaAeHWe c pe3ynbTaTaMH 

pa60-r ApyrHX aBTOpOB AJnl aKCHa,IbHbIX H paAHanbHblX CpeAHEfX npO+iJleti KOHWHTPBUW. KpoMe 
TOTO,ABHOKpaTKOeOnHCBH~eBAHRHHR ~ucAayrAOB~CKBHHPOBBHH~HBSYBCTBHTenbHOCTbH3Me~Huii. 

nO,,,'WHHbIe ~3yAbTa~bIAeMOHCTpHpy~~ BOSMO%HOCTH OIlTH'VZCKOii TOMOrpB@HH AJIP AAarHOCTBKH 

-WteHHti. 


