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I n t r o d u c t i o n .  When studying complex gas-dynamic objects, it is necessary to have an idea of the 
flow structure as a whole. To this end, various methods are employed: shadowgraphy, speckle photography, 
interferometry (including holographic), and visualization using gas discharge and an electron beam [1-4]. 
Recently, many papers have appeared in which tomographic methods are offered for analysis of flow geometry 
and characteristics [5-7]. 

Optical methods are insufficiently sensitive for studying rarefied gas flows. The electron-beam method 
is considered more suitable. It is a rather difficult task to determine the entire flow structure using an electron 
beam. It is necessary to photograph the optical radiation formed and to perform densitometric treatment of 
negatives taking into account the photomaterial properties. If the gas particle density is n < 3 �9 10 Is cm -3, 
the electron-excited radiation becomes weak even for luminous gases (nitrogen and helium), and density 
measurements using this method become impossible. 

At the same time, there is a method for measuring density by attenuation of an electron beam passing 
through the volume examined that retains its sensitivity in a more rarefied gas. This is an integral method 
and it is necessary to apply an Abel transform to reconstruct the density distribution, which is possible only 
in axisymmetric flows. If density is reconstructed by reconstructive tomography methods, a flow structure 
with an arbitrary configuration can be determined. 

This paper proposes a method of density field determination in three-dimensional rarefied gas flows 
that is based on the results of measurement of electron beam attenuation as a function of beam position 
and orientation relative to the flow. Spatial density distribution is reconstructed by one of the reconstructive 
tomography methods for a plane beam, namely, the filtered back projection algorithm (in particular, its 
version with a fast Fourier transform). As an example, results are used that show the flow structure in a 
region of the interaction of two jets flowing from identically directed nozzles. 

E x p e r i m e n t a l  S e t u p .  Test experiments were carried out using the low-density gas-dynamic setup 
shown schematically in Fig. 1. The gas flow source consisted of two nozzles with the same orientation with 
a stagnation chamber in common. Conical convergent nozzles with a 2-mm throat diameter were used. The 
distance between the nozzle ccnters was 51.5 ram. The source was located on a three-component positioning 
mechanism 7, which was used to move the object relative to the electron beam along (X axis) and across 
(Y axis) the flow and to turn it through an angle 0 about the axis passing halfway between the nozzles 
parallel to the X axis. A three-electrode electron gun 4 generated a narrow electron beam with a diameter 
of 1 ram, an energy of 15 kV, and a current of up to 10 mA. Prior to the experiments, the test chamber 1 
was evacuated to a pressure of 0.01 Pa, at which electrons did not scatter when crossing the chamber and 
the beam's cross-sectional dimensions remained constant. By means of deflection coils the electron beam was 
directed to an electron collector 6, which was a copper radiation-cooled Faraday cylinder in front of which 
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a diaphragm 5 was placed to restrict the beam aperture. The diaphragm diameter was 2 ram; the distance 
between the diaphragm and electron gun outlet was 500 ram. A small (10-20 V) negative potential from 
a power supply 15 was fed to the diaphragm to decrease the influence of secondary electrons produced by 
inelastic collisions of primary beam electrons with gas molecules. 

With gas flow, some of the beam's electrons, being scattering by gas molecules, were deflected from 
the initial direction and, thus, missed the diaphragm aperture. An attenuated electron beam that passed 
through" the diaphragm was measured by a milliammeter 14 connected into the collector circuit. The signal 
was recorded by a data-acquisition system 12 using an SM-1420 computer and was sent to a plotter 13. 

The following parameters were measured: the stagnation pressure (by a standard vacuum gauge 3), 
the test-chamber pressure (by a thermocouple vacuum gauge 2), and the emission ie and collector ic currents. 
Values of the coordinates z and y and the rotation angle 0 were measured using BS-155 synchro transmitters 
(8 and 9) and F-5095 display units (10 and 11) and were recorded by the computer. At a fixed distance 
from the nozzles, Zs = 10-60 ram, transverse profiles of the collector current ic = fi (y) were recorded for a 
discrete set of values of the angle 0. For the test experiments, the domain was y = -4-70 mm. The angle 0 was 
varied from 0 to 7r; 20 profiles were recorded. After scaling, the profiles obtained were considered as a set of 
projections for the calculation algorithm for spatial density reconstruction. 

A l g o r i t h m .  We studied complex flow with density distribution n = f ( z , y )  in a fixed Cartesian 
coordinate system X,  Y. This measurement system is related to the moving Cartesian coordinates s, t through 
an angle 0 relative to the X, Y system (Fig. 2). The moving system includes the electron beam with emitter 1 
on line LE at the coordinate t - -  te and the diaphragm 2 with electron collector 3 on line LC with coordinate 
t = tc (t~ - te = const). When the emitter moves along line LE, the collector is shifted along LC. The emitter 
current ie is constant along LE and the collector current i~ depends on s and the angle 0 [8]: 

ic(s, O) = ie exp ( - 

tc 

te 

In this case, fo(s, t) is the gas particle density in the s and t coordinates; # is the coefficient of electron-beam 
attenuation. The profiles it(s, O) are recorded experimentally. 
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The value p(s, 0) = -1 /#  ln(ie(s, 0)/i,) is the projection of the gas-density field onto LC determined 

~c 

p(s, 0) = / f0(s,  0)dr. 
te 

The function f(x, y) can be reconstructed from a set of experimental data p(s, 0) by computerized 
tomography methods. In this case, the algorithm of filtration and back projection was used [9]. According to 
the theorem, on a central cross-section, we obtain 

~" Oo 

f (x ,y)  = f f ~(R,O)exp(i2~rR(xcos(O) + ysin(O)))lRIdRdO, 
0 - -oo  

where I~(R, 0) is the one-dimensionM Fourier transform of the function p(s, 0). To construct the function 
fr=(x, y), which is an approximation of the function f(x, y) with a restricted spectrum width, it is necessary 
to introduce the window function W(R) in the frequency domain. Hence, 

x +1 +1/2As 

fres(x,y) = / / p(s,O)q(xcos(O) + ysin(0) - s)dsdO, q(s) = / [R]W( R)exp (i2r Rs) dR. 
0 --1 - I / 2 A s  

These expressions are the basis of a method that is known as the convolution back-projection [91 or 
filtered back-projection [5] method. A fast Fourier transform algorithm was used to calculate the convolution 
of the functions p and q [10]. The following function was used as a filtering function: 

q( s ) = 2( k~r ) 2 [sinc( 2ks ) - sinc2(ks)]. 

Here sinc(z) = sinOrz)/rz; k = 2 r2a /As ;  As is the discretization interval of the variable s; and a is the 
chosen coefficient (with ~ = 1/4~, function q(s) transforms into the filtering function with a cosine window 
function W(R) [lll). 

Resu l t s .  Measurement results demonstrating the possibilities of the above procedure are given in Figs. 
3-5. The experimental conditions were the following: stagnation pressure P0 = 4.104 Pa; test-chamber pressure 
Pc = 13 Pa; stagnation temperature To = 300 K. The Reynolds number calculated from the stagnation 
parameters and nozzle-throat diameter was Re 0 = 1.8:104; the Reynolds number calculated from the jet 

length was Re L = Reo/~o/p  c = 320. 
Figure 3 shows sample transverse profiles of the collector current ic recorded in our experiments. The 

solid curve corresponds to 0 = 0, and the dotted curve, to 0 = 7r/2. Values of the current were recorded 
every 0.5 mm. The recording time of one profile is about 2 min; this time depends on the capabilities of the 
positioning mechanism and recording equipment. To check the efficiency of the technique, current profiles 
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were used in the calculations without any pretreatment (smoothing, taking into account emission current, 
etc.) and the cathode emission current in the electron gun was taken as the ie value. The logarithms of the 
ic/ie values were interpolated on a uniform grid of si values to obtain a set of projections. These projections 
were used to reconstruct the image, i.e., the function fres(x, y) for values of x and y that lie inside a circle 
with a radius of 70 mm. At points si the convolutions of the functions p(s, 0) and q(s) were determined and 
integrated over the angle 8. In the calculations we ignored beam-current attenuation and electron scattering 
by the background gas. The coefficient a was taken as unity. 

Figure 4 shows equidensity curves at sections x~ = 20 and 50, respectively. Although the curves are not 
very smooth, because of noise and ic measurement errors, they fairly adequately reproduce the flow structure. 
Figure 4a shows both a compressed region appearing at the center of the flow and its structure. The flow 
density decreases with increasing distance to the nozzle inlet and becomes lower than the gas density in the 
ambient medium (Fig. 4b). Also, two additional zones with increased density are observed in the region y = 0, 
z = - 3 1 m m a n d y = 0 ,  z = 2 9 m m .  

Figure 5 presents reconstructed transverse profiles of normalized density n(y)  = (fres(Zs, y) - 
fmin(Xs))/( fm~x(X~) -- fmin(Xs)) along the line z = 0 passing through the centers of the nozzles. The subscripts 
min and max denote the minimum and maximum of the function fres(Xs, y). Curves 1 and 2 correspond to 
xs = 20 and 50 mm. Note that on these profiles there is no high-frequency component of the measurement 
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noise, which was filtered-out for image reconstruction. A slow change in the beam current during recording 
(Fig. 3 shows that at the beginning and at the end of the profiles the values of the collector current are 
somewhat different) leads to a change in the density profiles, which can be taken into account by introducing 
appropriate corrections (curve 3). 

Since the real density distribution in this flow is unknown, the reliability of the results can be estimated 
by comparing them with those obtained by other (conventional) methods. The dots and curves 4 and 5 in Fig.  
5 are the results of local density measurements by recording the intensity of x-ray bremsstarhlung obtained 
as described in [12]. It can be seen that the behavior of the curves coincides qualitatively, but the contrast 
of the reconstructed image differs, however, from the measured one. The greatest deviation can reach 57% 
which is attributed to the unsuccessful choice of the function q(s) and coefficient a. 

The results obtained confirm the assumption that the above technique can be used to determine flow 
structure and the spatial distribution of rarefied gas density and show the characteristic features of the 
technique and aspects that require further analysis. To obtain quantitative results it is necessary to take into 
account the beam attenuation factor, the accurate value of the current ic, and electron scattering by the 
molecules of the surrounding gas by choosing an optimal filtering function from a test object with a given 
density distribution. 
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