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FOREWORD

The radiographic techriques described in this report were developed
for measurements of powder density distributions in multi-component vertex
flow. This work is part of the multi-component flow research program con-
ducted by the Energy Conversion Research Labcratory, under Project No.

7116.

The authors wish to thank the following people for their assistance,
advice, and consultation during the course of this work: Lt James M.
Howard, Mr. Siegfried Hasinger, and Or. Hans J.P. VonOhain, of Aerospace
Research Laboritories, and Mr. Jack Watson, Mr. Brian Hausfela, and

Gr. Ronald Versic of Systems Research Laboratories.
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ABSTRACT

Attenuation of X-radiation is used to measure powuer density in
floving systems. This report uescribes tne exverimental absorpifion and
procedures utilizeu to make such measurements. A discussion is given of
the effect of the X-ray intensity spectrum on the effective absorption
coefficient of the powder. An error analysis is presented, anc maximum
ana minimum density measurements for the experiment are calculated. The
absorption experiment gives the value of powder density, p, muitiplied by
absorption path lengtn, 2. Because of experimental errors, the minimum
value of this product whi-h can be cetermined is pf = 0.03 gm/cmZ (for
talc powder), while the maximum value is p& = 9. gm/cmz. Radiographs,
density contours, and radial density profiles from multicomponent vortex

flow experiments are presentec.
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1. INTRODUCTION

For a number of years, the Energy Conversion Laboratory has been en-
gaged in the study of multi-phase, multi-component flows, with principal
applications in the areas of dust separation devices and high pewer den-
sity energy sources. One of the many variables to be measured in these
experiments is particle concentration within the flow, and several tech-
niques have been proposed to measure this quantity. One possible technique
would empioy a tube inside the flow, with a suitabie extraction and
monitoring systsm %o measure the density of particles at a given location.
This method suffers limitations at large particle density because of the
tendenzy of the powder to piug the probe, as well as having the problem
of flow disturbances produced by the probe. Another method of measuring
particle density in tne fiow is to observe attenyation of a beam of light
passing through the flow. This method is good for a limited range of
particle conceutration, but becomes completely useless at large particle
density. A fiber-optics probe could be devised to alleviate this problem
{bv using a shorter absorption path length), but the use of a probe inside
tne flow field would stili present disturbance problems. An alternate
solution to this probiem would be to use radiation which is not absorbed
as readily by the particle material. For example, the Tight beam could
be replaced by an X-ray beam, thus increasing the maximum measursble powder
density. Througn exiensive experimentation, we nave shown that thie X-ray
abserptien technique is an effective method of measuring pariicle concen-

tration én the high dencity range of interest here.
1




The X-ray absorption technigue has been usad previousiy in a number
of fiuid dynamic experiments. Absorption of soft X-rays (about 4 kv.
anergy) was used to study density profiles in supersonic gas flow
{Reference 1); detunation waves in combustible gases were studied through
X-ray absorption {Reference 2); and shock waves in water were analyzed
from seft X-ray photography (Referance 3). Rowe and Partridge (References
4, 5) showed that relatively hard X-rays (about 100 kv. energy) were
effective for photographing the bubbling process in fluidized beds. In
order to prcvide the sharp time rescolution required to get distinct images
of rising gas bubbies in the bed, and to taks sequertial exposures to
determire hubbla velocities, an intensifying screen and high speed movie
camera werce usad to recovd X-ray transmission. Very good qualitative data
was obtained: chary images of air bubbles in the bed were shown, and eddy
currents, particie diftusion, and mixing were clearly observable. This
method has been widely used to observe bubbling and slugging phenomena in
fluidized deds {References 6, 7}. Absorption of low energy X-rays has
been used in an automatic system for determining particle size distribu-
tions by sedimentacion (Reference 8).

The purpsse of this repart is teo show the utitity of the X-ray
anserption mathod for gquantitative weasurements of powder density in
multi-conponent ficws. The general experimental technique will be de-
scribed, as well as expected @i rors., Representative data from several
experiments will be presented to illustrete the results obtained with

this techrigue.
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I1. EXPERIMENTAL EQUIPMENT

A schematic drawing of the X-ray system is shown in Figure 1. The

radiation source was a General Electric Model 100-15 Medical X-ray unit,
designed for general medical and dental X-ray diagnosis. Operating
voltage was variable from 40 -~ 100 kvp, with regulated tube current of

either 10 or i5 ma: typically the unit was operated at 100 kvp and 15

e ;
S R Ty G
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ma. The X-ray tube was self-rectifying, nieaning that output radiation
followed a 60 cps, hali-wave rectified curve, Focal spot for the tube

was 1.5 mm in diameter. Exposure time could be varied from 1/60 sec to

5 sec: although this unit was not designed for high precision work,
exposure time variations were found to be lese than 1%. A variable iris
diaphragm was provided to limit the X-ray field of view to the minimum
required for a given erxposure, thus reducing stray scatierirg from
peripheral apparatus. This scattering problem was further reduced by
the use of a lead mask placed directly over the subject area. Kodak
Industrial X-ray film, type AA-2, was used to record X-ray intensity

transmitted through the subject fiow. 4" x 5" sheet film, prepackagec

R e s e el

in lighttight paper envelope, was clamped in position ¢n a plexiglas film
holder, as shown in Figure 1. Considerable back scatter was observed with
this arrangement, but the problem was eliminated by placing a 1/16" thick

Tead sheet behind the film.

To protect personnel from hazardous stray radiation, the X-ray tube,

AL

film, and flcw experiment were al} situated inside a lead-limed box. In

order to house vortex chambers with dianeters of seme 36 inches and lengths

L iy
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up to 50 incihes, this lead box had dimensions of approximately
73" x 49" x 38". These dimensions limited the source-to-object distance
to some 20 inches. The or was built from plywood covered with 1/%6"
thick lead sheet. A double thickress of lead on the side exposed to
the direct X-rar beam insured that the direct beam was adequately
attenuated. Two small access doors were used for service adjustments
and film changes durirg an experiment. The complete X-ray system, set
up for obseirvation of powder flow in a vortex chamber, is shocwn in
Figure 2.

The photographic film density was measured by the photodensitometer
sitown schematicaily in Figure 3. Photographic density is defined as
the log10 of the ratio of intensity of incident light to transmitted
light through the radiograpn (exposed film). These inteasities were
detected by a photomultiplier tube, and indicated on the Y-axis of an
X-Y recorder. A Spectra Physics 131 He-Ne gas laser was used as the
light source. By using a laser source, a 2 mm spatial resolution was
obtained without the tedious alignment and fccusing asscciated with
lens-aperture devices. However, there is a danger in producing con-
sistently erroneous results with the laser-photomultiplier system.
This problem arises from the high power density associated with the
Taser beam, and the possibility of overioading, or choking, the pnoto-
multiplier system. The effect of photomultipiier choking is iilustrated
in Figure 4. A test ¥ilm was scanned under normal, non-choked, cperating
conditions (photomultiplier voltage at 565 v} with the transmitted in-

tensity given by curve 1. When the photomultiplier voltage was increased

A SRS e e T R
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to some 660 v, the apparent intensity followed curve 2; the photomulti-
plier choked, indicated a decreasing intensity over a certain range, and
then gracually recovered. This erroncous curve was accurately repeatable:
therefere much care must be taken to insure that one does not unknowingly
extend the photomultiplier into this choke range. Much time was spent
with the photodensitumeter, varying photomultiplier voltage and laser
beam intensity (by varying beam filter thickness) to insure tnat the
system did not chok2 under normal operation.

The film was mounted on a two-dimensional traverse, with manual
adjustment in the vertical direction, and motor-driven movement in
the horizontal direction. A position transducer connected to the
X-axis of the X-Y recorder provided direct plotting of 1ight beam
intensity as a function of horizontal position. With this arrangement,
a series of horizontal scans at various heights could be taken to

obtain two-dimensional plots of film density.
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III. EXPERIMENTAL ANALYSIS

The Absorption Process

When an X-ray beam of intensity I passes thrrough a thickness of

AR AT AU S

material d2, the beam intensity is decreased by an amount

QII_ = -p,d2 (1)

A s ) T DA

where u, is the linear absorption coefficient for the material. Therefore,
the intensity of a beam which has passed through a length of materiail, £,

is

I =1, exp(-ut), (2)

il il N m
Lk T R

Io is the initial intensity of the beam. In X-ray absorption work, it is

customary to use the mass absorption roefficient, 0 which is the linear

apserption coefficient divided by material mass density. Equation 2 can

then be rewritten:

e . ;% {1/, ) (3)

p ‘»‘
‘H’]“‘ly“lﬁv“‘lll

When o for a given material is known, this equation can be used to relate

g

X-ray beam attenuation to mass density of material. The mass absorption

e
)

gttt 0 i g R )
et IR L T F S ¢ T

coefficient for a given material is determined from atumic mass absorption

coefficients, wnich can be obtained from X-ray physicc tables (see

¥

Appendix). Eguation 3 is the basis for our measurements of particle den-

sity in multi-component flow.




“any secondary effects can complicate this relatively simple process.

For instance, mass absorption coefficient is dependent on wavelength, and
“white" radiation (bremsstraghlung) is employed in our X-ray experiment
{that is, no attempt was made tc limit wavelength rangz of radiation).
This problem is discussed in detail in the Appendix. Uss of a broad,
diverging beam can also introduce errors in an absorption measurement
(Reference 8). Additional 2rrors may arise from small-angle scattering
(Reference 10), particularly when nonhomogeneous medium is studied
(Reference 11). In view of these complications, calibration tests were
made to determine the mass absorption coefficient for talc powder {the
powder used in flow experiments described in tha next section}, and
possible variations of this coefficient over the range of particle density
and beam attenuation ccvered in flow tests. Incident intensity and
transmitted intensity of a beam passing through a talc bed thickness of
3.0 cm was measured. From these measurements, the mass absorption
coefficient for talc was calculated as 0.71 cmzigm (details of this
analysis are given in the Appendix). This calibration can be performed
for other powders that may be of interest in fiow tests: the Appendix

lists approximate v values from X-ray tables for a number of materials.

Intensity Data from Photographic Filam

The photographic recording technique has several advantages and
disadvantages when used for quantitative aralysis. On the pisitive sic2,
intensity data over a wide test area car be collected quickly and

efficiently with film; time-averaged data is obtained from film, thus
HR

b
b,
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smoothing out statistical fluctuations in the process measured; equipment
investment is nominal; and the film data format can be directly used for
qualitative visualization of flcw patterns. Tnere is also the debit side:
at Jarge film density, the recorded density is no longer linearly related
to X-ray exposure; sensitivity may vary from one film to the next; devel-
opment precedures must be consistent for all films; and film granularity
may produce an inherent noise level in the system. Before the photo-
graphic process can be used for accurate intensity measurements, these
problem areas must be analyzed to define proper ranges of application
and practical operating limits.

As mentioned eariier, Kodak type AR X-ray film was used for our
experiments. OQur standard developing procedure was: 5 min developer,
40 sec stop bath, 5 min fixer, 2nd 30 min wash. Developer temperature
was at room level, 68°F + 2°. According to Kodak film data (Reference 12),
this variation in temperature could give as much as 3% change in film
Speed.* in normal operation, we developed some 20 films (5" x 7" area)
with cne gallon of X-ray developer, with no noticeable decrease in
chemical strength,

When the photographic process is used for quantitative analysis,
the relationship betwean X-ray exposure and resuitant film density becomes
quite important. The term "exposure" as used here means the product of

radiatior inttncity and Lise of the exposure. A common problem in cptical

¥t develcpment time is variad to compensate for temperature changes (as
suggested in Reference 12), this film speed error can be further reduced.

12
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photography is the failure of the reciprocity law at Tow intensity levels
(Reference i3), which may lead to nonlinearity in the density-exposure
ggé‘ curve at low exposures. This effect deces not occur in X-ray work, because
2 of the large energy associated with the X-ray photon. Therefore the
density-exposure curve for X-rays is expacted to be linear for small

exposure. An experimental determination of film density as a function

of X-ray exposure (constant intensity and variable exposure time) is shown
in Figure 5. This curve is linear up to a film density of about 1.5, with
4] the slope of the curve decreasing rapidly as density increases above 1.5.
1 The shape of the curve agrees well with film characteristics reported in
Reference 14. This curve could be used to calibrate measured density to
relative exposure over the full range of density from O to 2.5 or sc.

5 Whenever possible, : is better practice to limit film density to the

linear region of the curve.

Error Analysis

Calculation of flow density from this X-ray data must follow four
principal steps: (1) measurement of light transmission through photo-
graphic film, (2) conversion of light transmission data to photographic
density, (3) comparison of exposure, £, of the attenuated and unattenuated
beams, (4} and finaliv application of (he wmass absorption coefficient to
obtain flow density values. Each of these steps can introduce error into
the experiment, and each siep will be analyzed in this section.

The photographic density of a film is defined as




where ¢, is incident light beam intensity and J is intensity of beam

after passing through the film. As described in the preceeding section,
J and Jo were measured with a laser-photomultiplier system. Reproduc-
ibility of intensity data was studied by making 10 scans of an X-ray
picture of a column of plastic balls (about 1/8" diameter balls). The
photograpn of the packed bed of plastic bails made a good test subject
for intensity readings, pecause of lavge intensity gradients produced
by voids between spheres. Two of the ten intensity scans are shown in
Figquro 6: these curves were chosen to show the maximum deviation observed
in the test. Intensity readings were taken at 20 points along the scan:
standard deviation, Gy» Was found to be 1% of the intensity reading J.
Part of this error appeared to be a slight scale shift from one run to
the next. We anticipate that minor improvements in electronic equiprent,
such as a regulated power supply, could improve the reproducibility of
intensity measurements considerably.

variations in radiographic density values recorded on successive
films were checked by making ten exposures of a calibration subject. Tae
calibration subject was a series of strips of electrical tape, with varying
thicknesses *o give sieps of increasing density on the exposed film.
Average stardard deviation, > over 45 reference points on the pattern,
was 2% of the recorded density. A series of radiocgraphs of the flew
chamber, with no air or powder flow, was alsc made to test film density

variation: again the result was 2% of the recorded density. This errov

is somewhat above that expected from intensity error propagation, 3o that
14
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film sensitivity and film processing appear to contribute some 1% error in
this experiment,

The final step in the calculation is the determination of flow den-
sity, o, from Equation 3. The beam intensity, I, shown in Equation 3 must
be obtained from film density data. As shown in Figure 5, intensity is

linearly related to Tiln density, U, for D € 1.5. When film density is

below that value,® then, Equation I can be expressed 1s

gl = - Tl In D/Do (5)
tm

Prcpagatien of error in measuring D should give about 4% variation in

tie determination of pl. The standard deviation in a ssries of peowder
flow experiments was found to be about 4% ¢f the mean value. The absolute
value of pi is determined when absorption coefficient My is kngan, As
described in tne Appendix, calibration tests were made to obtain U for
the powder used in the flow expcriment. Standard deviation of those
calibration tests was also 4%. Tabie 1 presents a summory of these

experimental errors.

+If G 15 extended above the linear range, substantial error may arise
from D-E calibration error as “well as increased sensitivity of the calcu-
lation to error in D. For that reason, we will limit our discussion to
the linear region of the D-E curve.
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Table 1

Standard Deviations of Experimental Measursments

Light Intensity oJ/o = 0}
Radiographic Jensity Determination oD/D = 0.02
Flow Density Calculation Up!p = 0,04

The maximum and minimum powder densities that can be measured by this
process are determined by error limits. The minimum measuiable powder
density is reached when attenuatad A-ray intensity is lower than the

unuttenuated intensity by the amount e that is,

1n Y%-% (6)

Hm Dy

Since %D/DK1, this is approximately

%

(o) = L D

With 2% standard deviation, and powder absorption coefficient of 2.7 :mzjgm,
the minimum observable value of pf is abgut §.03 gm/cmz. The maximum
measurable powder density is somewhat more ambiguous than the previous
examnle, A large film density span is required: betause of nonlinearity
of the D-E curve {Figure 5), the highsst film density must be limited to
semething 1ike 2. The smallest film density that can be accurately read

is determined by measurement error in iight beam inteasity.

18
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D . =]0§:}..9:fi .
min 3
Q
or Dpin =

.
0.43 a_l . (8)
0

This figure is qnin* 0.005, qiving maximum powder density of

-1 1n 0.C05

M 2

(8)max =

and again using u_ = 0.7 cmzlgm, (p&%méf 9. gm/cmz.

Ar estimate of spatial resolution obtainable with the Kodak AR film
was made from X-ray shadowgraphs of tungsten powder. Particle sizes of
the tungster ranged from 1 micron toc mcre than 1C0 micron, and the par-
ticles had angular, irregular shape. An enlargement of the shadowgraph
showed very good reproduction of the jagged shapes of 100 micron tungsten
particles, but particles as small as 10 microns were at the limit of

distinct resolution.
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IV. DENSITY MEASUREMENTS OF PCWDER IN VORTEX FLOWS

As examples of the application of the X-ray absorption technique to
aerodynamic tests, density measurements of powder-laden vortex filows will
be presented. The vortex chamber is shown in Figure 2: outer radius
of the chamber was 15 cm, and the chamber was modified for axial lengths
of 6.3 cm, 12.6 cm, and 18.9 ecm. As described in Refs. 15 and 16, the
purpsse of measuring powder lensities in vortex flows was to determine
both uniformity and magnitude of the density within the flow.

Positive prints of radiographs of & portion of the vortex flow neav
the outer radius are shown in Figures 7 and 8. Solid black sections
of the nhctograph are vanes which make up the outer cylindrical wall
of the chamber, and also provide tangential slots for gas injection to
drive the vortex {see Figure 9). The first phatograph shows the flow
established with 260 gm of talc powder in the chamber: the second phcto-
graph is with 60C gm powder in the chamber. The average powder density
appears toc remzin fairly constant, with the powder zone thickness increasing
with increased powder load. A striking feature of these photos is the
rather Tow density of powder at the vane. This low density region is
probably generated by the particle-free gas injection at the vane. Be-
cause of the large wall torque produced by powder flow in contact with
container surfaces, the existence of this low density region jeads to
significantly larger angular velocity than had been anticipated.

Numerical calculations of powder density were possible wher the

unattenuated beam intenSity was determined. Figure 9 shows an X-rey
20
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photograph of the vortex chamber with no flow. Radiographic density
measurement of this no-flow condition gave the required Do needed in
Equation 5, and corresponding photographic dens ity measurement of the
flow photograph gave D. Equation 5 was then used to calculate powder
density p. Figures 10-14 show a series of powder density centours cal-
culated by this method. Total powder load for these cases was 400 gm,
with a variety of gas injection fliow rates. These contcurs show how
the large density islands above the injection slots are reduced as gas
flow rate through the slots, éCR’ is increasad relative to the flow rate
of gas injected through nozzles at a radius of 2 inches, m

ew’
ta1ls, the reader should consult Reference 15. The intent of this presen-

(For de-

tatien is not to describe the vortex flow, but to show the utility of the
X-ray absorption analysis).

Powder density profiles alung the chamber radius, halfwey between
the gas injection slots, are shown in Figure 15 for & number of different
total powder loads. In Figure 16, data from three different axial chamber
lengths are presented. The profiles were expected to be similar for
constant M/%, and this did prove to be the case. The axial chamber
length, &, is also the absorption path length, so this similarity in pro-
files indicates that the analysis is little affecled by absorption length
variation.

The X-rzy procass may have important uses for visualizing flow
procesSes that must be contained within metal containers, for reasons of
high pressure or electrical or radiation isolation. The X-rey beam could

24
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be transmitted through aluminum or brass walls, with sufficiert intensity

to record density variations within ihe internal flow.

The theoretical analysis presented here has shown that the X-ray
absorption process is capable of producing reliable, accurate density
data for multi-component flow experiments. The experimental data shown
here has verified that analysis. Qualitative photographs, such as Figures
7 and 8, have had considerable impact on our understanding and formulation
of the multi-component vortex flow. Quantitative data, such as Figures
i5 and 16, have helped to test the accuracy of such formulations. Measure-
ment errors eacountered in these experinments could be substantially re-
duced by more refined procedures. The medical X-ray source used here was
7ot particularly designed for extreme accuracy, our photocraphic processing
techniques can be improved considerably, and mere X-ray beam filtration

could further reduce the absorption coefficient uncertainties.
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VI. APPENDIX

The mass absorption coefficient, Y for the elements is given in
any number of X-ray physics texts and handbooks, for example, References
9, 17. As explained in Reference 9, mass absorption coefficients for a
compound, Moo is calculated from absorption coefficients for the component

element, Hys and relative mass concentration of the elament, Cx:

Al

The mass absorption coefficient for a given material is dependent on
the wavelength, A, of incident radiation. An example of this dependence
is shown in Figure Al, which shows Wy for magnesium, one of the principal
ingredients of ta]c.f The continuum, or bremssirahlung. radiation from an
X-ray tube covers a wide range of wavelengths, with an intensity distribu-
tion similar to the Io curve sketched in Figure A2. Since the continuum
radiation has no one well-defined wavelength, the resultant absurption
coefficient is an average over the total spectrum. An important conse-
quence of this average is the fact that the mean absorption coefficient,
Eﬁ, is dependent on the total fraction of the X-ray beam that is absorbed.

The proper averaging for b, can be derived from tquation 1, expressed
in terms of discrete wavelengths:

d1* = -opt1’as ) A2

Fhemica)] composition of talc is 3Hgo.43102.H20. Principal absorbers are

Mg and Si: (L for Si is near that &f Mg.
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The total absorption experienced over length dgf is

ArA

£di? = -pdezu’l . A3
Dividing both sides by Elk, we have
EdIA = -p Xuxlx dn s A4
A A
Tl Il

1

which takes the form of Equation 1 when the mean a2bsorption coefiiciant
is defined by
- . AS
M = A
Z1

The intensity I still has wavelength dependence, given by

A A
i = Io

exp(-um)‘o %) . Ab

where IGR is the unattenuated intensity.

The shape of the intensity distribution is therefore dependent on the
amount of abscrption of the bzam, through the exp{p?) function. This fact
is unsettling when put in the perspective of a density diagnostic: the
absorption coefficient is ambiguousiy related to the density measuread.

The nature and extent of this indeterminancy must be established. To
analyze the mean absorption coefficient, a somewhat oversimplified inten-
sity distribution is used, The major features of X-ray continuum distri-
bution is a well-defined minimum wavelength (lmin = 12400/V, where Y is

i

accelerating tubo voltage), a peak at approximately 1.5% . , and a A\~

min

dependence at large wavelength (Reference 9). These major features are
38
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incorporated in the simplified distribution shown in Figure A2a. The

first curve is the intensity distribution with no absorption: the second

curve is with absorption arising from p2 = 0.5, and the third curve is
with pt = 5.0. As the intensity curve shifts toward lower wavelength, the
mean absorption coefficient should decrease, as shown by Figure A2b. The
inherent absorption in the X-ray tube window is sihown on this figure, along
with experimental absorption data for talc. The absorption from the alumi-
num window yreatly reduces the spread on effective absorption coefficient,
with measured values varying from about 0.8 to 0.6.

The experimental abscrption coefficients for taic were obtained

by measuring attenuation of an X-ray beum through a ¥nown density and

absorption length of talc powder. The stancard deviciion was 4% nf the

b T

absorption coefficient value, as would be expected from the error analysis

B o

presented in a previous section.

il

m
i

" —
o A

Table 2 gives a short compilation of abscrption coefficients for

several powcer materials that are of interest in portions of our multi-

e

component flow investigations.
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Table 2

Mass Absorption Coefficients

Material Composition
Talc Mg0.510,.H,0
Rluminum Oxide Al,04

Aluminum Powder
Plasma Spray Al

Chrontic Oride Cr203
Tungsten W
Zinc in

Sitica Si0

Censity
{gn/en’)

¢
Calculated(

Mass
Absorption

osfficient
=O=TTICIeNt

0.26£.) Experimental

2.73
3.85

2.70
5.21
19.
7.0
2.20

41

0.3
0.31

0.40
1.33
3.50
3.55

.35

71
.55

.90
1.46




