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" 11, MEASUREMENT OF PHASE FRACTIONSVBY‘ GAMMA-RAY DENSITOMETRY

In many applications of industriallimpertance,v systems operate at high temperatures
and pressures. Under these conditions, experimentalltechniques commonly employed in
hydrodynamic studies with systems that operate at low tvemperatures and pressures
may not be applicable. Gamma-ray densrtometry In a non—mtruswe technrque which
may be used to measure various hydrodynamic parameters at high temperatures and
pressures. The maJorrty of previous investigations which have utilized this technique
were limited te two—phase Systems.. Recently, several investigators (Seo and Gidaspow,
1987; Bernatowicz et al., 1987; and Abouelwafa and Kendall, 1980) have successfully
used this technique to. measure phase fractlons in three—phase systems.. However, the
thickness of the absorbing medra was Iess than 0. 03 m. The objectlve of this work was
to design and construct a dual energy gamma—,ray densitometer whrch could be used
to measure volume fractions (gas/liquid/solids) rn a large diameter (0.21 m ID) bubble
column. o

Experrments were conducted usmg both two—phase and three—phase systems (see
vTable 2.5). Volume fractions were measured with a dual energy gamma-ray densit-
ometer durmg_most of these .expenme'nts. “The theory associated with gamma-ray
absorption, the selection of sources, the experimental apparatus a‘nd calibration tech-
niques used, the applicability of this tééhhiqu‘e 't'vol‘l‘arﬂ'ge diameter three—phase systems
and results from experiments conduered in bo‘t‘h‘ two4phase and three-phase systems

will be discussed.

Theoretical Discussion
Gamma-ray absorption is based on the fact that the intensity of radiation decreases

as it passes through a material. The change in ‘intensity, Al, is proportional to the
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thickness of the material, Ax, and the incident intensity, lo. Therefore,
Al = —plo Ax 3.1)

where 4 is a proportionality constant called the mass attenuation coefficient. If the

radiation is homo'gen.eousv, Eq. 3.1 may be written as:
dl = —ulodx (3.2)

which upon ihtegr'étion yields:

| = loexp(~x) | | (3.3)

The intensity of radiation is given by:

| =hvB : (3.4)

where hy is the energy/photon, B, is the incident number (i.e. no absorber) of photons
crossing a unit area per unit time, and B is the number of uncollided photons crossir

a unit area per unit time. Thus, Eq. 3.3 may be written in terms of the number of

‘photons or counts per second,

B = Boexp(—ux) | (3.5)

As discussed by Attix (1968), attenuation of the energy of an incident photon may

" occur through both scattering and absorption of the photon. Attenuation by some

purely elastic process in which a photon does not give up any of its initial energy to
the medium, but is merely deﬂecte-d, is called scatte.ring (e.g. Raleigh scattering).
Whereas, in absorption, the entire energy of the incident photon is absorbed. One type
of absorption process is called the photoelectric effect. During this process, the entire
energy of an incident photon is absorbed by an atom of the medium and an electron
is emitted. Pair—-production, is another process by which total absorption may occur>

During pair-production, a photon may be totally absorbed in either the atomic nucleus
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or the field of an atomic electron, and a positron—negatron pair is emitted. The Compton
effect is the intermediate case, in which some of the energy of the incident photon is
absorbed and appears as a Compton recoil electron, and the remaining incident eneréy
is present as a Compton ecattered electron. The attenuation process includes both
scattering and absorption of the incident photon. Thus, the attenuatien eoefficient, 7
is the sum of the absorption coefficients, pna and the scattering coefficients, .

For energies in the range 0.01 to 10 MeV, attenuation is due primarily to photoelec-
tric interactions, Compton scattering and absorption, and pair-produetion. Figure 3.1
(from Evans, 1955), shows the energy ranges over which these competing effects dom-
inate for various atomic numbers, Z. For relatively large values of Z, the photoelectric
effect dominates at low energies and pair-production dominates at high energies.

Attix (1968) present interpolation formulas which may be used to eetimate attenua-
tion coefficients for compounds given attenuation coefficients for the elements compris-
ing the compounds. They also give formulas for estimating absorptlon and scattering
coefficients for elements for which expenmental data are not avaulable The following

formula may be used to estimate the attenuation coefficient, u_. . for a compound

Emix — L =1 to no. of components’ (3.6)
Pmix P ‘ : :
where #; is in cm-1 and w; is the weight fraction of component i. The following

interpolation formula may be used to estimate either Compton absorptlon or Compton

scattering coefficients, o;

WG e

where Z is the atomic number, A is the atomic mass, and the subsripts 1 and 2 repre-
sent any two elements. For the photoelectric effect, the interpolation formula for the

absorption coefficient )T, IS

A=@E@E e
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where the exponent n is a function of the energy of the incident photon and ranges

from 4 to 4.6. And, for pair-production,

2
b G (_2) (&) (Z_) 3.9
1 A Z, ( )
where «; is the absorption coefficient.

Models Used to Describe Three — Phase Systemé

When the photons emitted from a radioactive source pass though a homogeneous
material, a fraction of the energy associated with the photons is attenuated and Eq.
3.5 describes the absorption process. If muAItiple absorption mediums are aligned per-
pendicular to the incident beam of radiation (see Figure 3.2), the number of uncollided

photons passing through the abSorbing media per unit time is given by:
B =Boexp(-3 px) i=1lton (3.10)
[

where.x; is the thickness of absorber i; y; is the absorption coefficient for medium i; and
n is the number of different absorbers.

| In a three-phase bubble column, the gas. solid, and liquid phases are the absorbing
media. The model used to describe the interaction between the beam of radiation and
the three phases depends on the alignment of the three phases with respect to the
beam of radiation. Two types of orientations were exammed in this research. In one
case, the three phases were assumed to be aligned perpendicular to the incident beam
of radiation, and for the other case, all three phases were assumed to be aligned parallel
to the beam of radiation. The two céges mentioned above represent the extremes of
possible alignments.
Case I. Perpendicular Alignment

For the first case (i.e. perpendicular alignment), we assume that the beam of

radiation may be represented by a cylinder, with the three phases occupying slices of
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Figure 3.2. Schematic representation of multiple absorbers in series.
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the cylinder (Figure 3.3). For this alignment, Eq. 3.10 may be used to describe the

absorption process. The volume of phase i through which the beam of radiation passes
is given by: | |

Vi =XiAx i=g,£’,s ) (311)

where A, is the cross-sectional area of th_e absorbing media. The total volume of the

absorbing media is ,

Vi=dA, (3.12)

The volume fraction of phase i, €, is defined as the volume of phase i (Eqg. 3.11) divided

by the total volume (Eq. 3.12) and may be expressed as:

eiv=%i:—: i=g, s (3.13)
or, the thickness of the absorbing media, X: Is -
x, =de  i=g, s (3.14)

Substituting Eq. 3.14 into Eq. 3.10 for x; yields the following expression for the amount

of radiation transmitted through the column
B = Boexp[-d(ugeg + pee; + pses)] (3.15)

where the 'subscripts g, ¢, and s refer to the gas, liquid, and solid phases, respectively.
Equation 3.15 contains three unknowns, i.e. the volume fractions of the three phases.
Thus, two additional equations are needed to characterize the system. Since attenuation
coefficients are a function of radioactive source strength (i.e. energy), another equation
arises from the use of an additional source. This equation is identical to Eq. 3.15 except
that the values of the attenuation coefficients are different. These two equations along

with a volume balance are used to obtain volume fractions of the individual phases.
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Thus, the set of equations used to determine volume fractions in a three—phase system

is:

B, = BolexP[_d(ﬂglfg + tgr€0 + per€s)] (3.16)
By = Bogexp[~d(ugaeg + ppoes + pses)] (3.17)
l=€g+¢€;+ € (3.18)

where the subscripts 1 and 2 refer to the two different radioactive sources.

At atmospheric pressure, tjhe attenuation of radiation due to the gas phase phase
is negligible, and the quantity Kgi€gi mMay be omitted from equations 3.16 and 3.18. If
the absorption by the gas phase is neglected, Eqgs. 3.16 and 3.17 may be combined to

yield a single expression for either the volume fraction of solids or the volume fraction

of liquid. The volume fraction of the liquid phase is .

€ = In(B; / Bo1)usn + In(By / Bop)usy (3.19)
d(ppoks1 — by tisd)

Once the value of ¢, is known, it is substituted into either Eq. 3.16 or Eq. 3.17 to

obtain a value for es. The gas holdup is then calculated from Eq. 3.18.
Case II. Parallel Alignment

Another possible geometric relationship 'Be'tween the incident beam of radiation and
the al;sorbing media is when the thr;e phases are aligned in parallel with respect to the
beam of radiation (see Figure 3.4). A fraction of the incident beam of radiation passes
through. each phase separately. The fr#ction of the incident beam passing through a

given phase is

fo=gi=g i=gls (3.20)
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Where A; is the cross-sectional area of the cylinder occupied by the ith phase. Thus,

the amount of radiation passing through a given phase is
B; = Bogiexp(-y;d)  i=g,¢,s (3.21)

The total amount of radiation which passes through the absorbing media is the sum of

the amounts of radiation which passes through the three phases,
B = Bolegexp(~duug) + eexp(~dug) + esexp(~dus)] (3.22)

Once again, two different radioactive sources are needed and we may assume that
attenuation due to the gas phase is negligible. The final set of equations used to

describe this type of configuration is:

By = Boileg + esexp(—duy; ) + esexp(~dpg )] (3.23)
By = Boaleg + epexp(~dupy) + esexp(~dugy)] (3.24)
1=€g+€£+€s : (325)

Equations 3.23 to 3.25 may be solved to obtain the following expression for €,

| ((Bo/B_y)-1)(exp(-dpuy)-1)
= (B1/Boy)-1- 7= (:"P(-d#sz)-lf : (3.26)
exp(-d )=1)(exp(-dye, )-1) '
(exp(=dugy) ~ 1) - (2ltin) Lol

€¢

Equation 3.25 may be substituted into either Eq. 3.23 or Eq."3.24 to obtain an

expression for ¢ in terms of €g. I Eq. 3.24 is used, the expression for ¢ is

_ (B /.Bo )-1-¢ (exp(=dpp,) ~ 1) ——
€s = 2 exp(-dt:usz) =~ £2 (327)

The value of ¢, calculated from Eq. 3.26 is substituted into Eq. 3.27 to obtain a value

for €s. Using these two values, the gas holdup, g, is calculated directly from Eq. 3.25.
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Comments on the Alignment of the Phases

Actual phase alignment wn:h respect to the beam of radiation for two and three-
phase flow will lie between the two cases described above. However, since there is

a considerable amount of homogeneity in the flow patterns (except in the slug flow

_regime) in bubble columns, it may be assumed that the majority of the radiation will

be attenuated according to Case | alignment.

Previous studies with three—phase sys_tems (e.g. Bernatowicz et al., 1987; Seo and

~Gidaspow, 1987; Abouelwafa and Kendall, 1980) used Case | alignment (i.e. phases

perpendicular to incident beam of radiation) to model the attenuation process. Pet-
rick (1958) constructed several lucite models representative of different types of flov.
patterns in a two—phase system. There was excellent agreement between the predicted

volume fractions and the actual volume fractions.(< 7% relative error) assuming Case

| alignment. In his experiments, he measured the volume fractions at various radial

locations and used the average value. He also measured the volume fraction at a si.

gle location (i.e “one shot” method), and the error between the actual and predicted

volume fractions was considerably higher (< 36% relative error) for models representa-

tive of_non-hom_ogeneous flow conditions. Under actual two—phase flow conditions in
a vertical tube (air-water system), Petrick showed that when the wndth of the beam of

radiation was equal to the width of the absorbmg medlum (| e. the column diameter),

there was no dlfference between volume fract|ons predlcted using several measurements

and averagmg the results and volume fractlons obtamed using the “one shot” method.
However, when the column dlameter was mcreased such that the width of the beam
of radlatlon was less than the column dlameter he observed dlfferences in the volume
fraction calculated usmg the two techmques He attrlbuted the dlfferences in results,

to dlfferences in the radlal dlstrlbutlon of the volume fractlons of air and water. Thus,
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not only phase alignment, but also phase distributions (i.e. axial and radial variations in
phase fractions) need to be taken into account when using the gamma-ray technique.
Figures 3.5a and 3.5b are schematic representa‘tions of two possible phase distribu-
tions (two—phases) in a square channel. Figure 3.5a represents annular flow, in which
~a gas fills the center of the duct, and Fig'ure'3..5b‘, represents homogeneous flow (i.e.
no radial variation in volume fractions). Based on the dimensionless distances given in
Figure 3.5, the actual volume fraction of gas is O.éS for both cases. For homogeneous
flow conditions (Figure 3.5b), ‘regardless of the radial location of the measurement,
the volume fraction of gas (or liquid) may be accurately determined at any location
- assuming Case | alignment (i.e. using Eq: 3.10). However, for annular flow, if a single
- Mmeasurement is made in the center of the duct (see section A in Figure 3.5a), the
measured volume fraction of gas obtained assuminé Case | alignment would be 0.5 as
opposed to the actual value of 0.25. Phase alignment becomes a oroblem, if measure-
~ments are made through section B in Figure 3.5a. In order to overcome these problems,
measurements should be made at various locations across the dqct and the volume
fractions obtained from each measurement (via Eq. 3.10) should be a.veraged over the

entire cross section of the duct to obtain an accurate estimate of the phase fractions.

Source Selection‘ and Sensitivity Analysis

A gamma-ray densntometer system cons:sts of three main parts (1) radioactive
.sources (2) detectors and (3) associated electronic equipment Oof the three main
components the sources are the most |mportant

One must consider several factors, when selectmg sources. These include trans-
mission through the p|pe walls and sensmvrty to the slurry content. These two factors
are competmg The Iower the gamma-ray energy (i. e. higher attenuation) the more

sensitive the system Is to changes in the volume fractions of the slurry; however, with a



124

“Jonp esenbs

- g U mojj snosusBowioy Ev pue moy hm_:ccm 3 jo m:o_.m.:cmoao. ojlewesyds ‘G n einBi

:o:o.vc_.. j0 weeg uollepe!s jo weeg

€0 (| |}




125
low energy source, more of the photons emitted from the source are attenuated by the
vessel walls. This becomes a significant factor when the vessels (i.e. bubble column in
this case) have thick metal walls. Other factors which need to be considered are the
half-life of the source and the availability of the source. |f a source with a very short
half-life is used, then calibrations of .the empty test section will have to be repeated
frequently. This is to ensure that the initial count rate (or count rate through the empty
pipe, Bo) is correct.

The factors described above need to be cbnsidered when selecting sources for both
two—phase and‘ three-phase applicatiohs. However, .when two sources are required (i.e.
three—phase mea#urements) one other criterion must be taken into account. Abouel-
wafa and Kendall (1980) contend that the gamma-ray technfque may be applied to
_ multiphase systems provided the attenuation coefficients for the various phases are
“different” for the sources selected. Hawever, thEy never quantify what is meant by
“different”. It is obvious from Eqs. 3.16 and 3.17 that the attenuation coefficients for
each phase must be “different” for the equations to be independent. However, it should

be pointed out that while this is true, the following restriction must also be applied

(;ﬁ)(l‘j—;)ﬂ B (3.28)

If thé above criterion is not satisfied, the denommator in Eq. 3.19 is zero and volume
fractions cannot be calculated. ThIS poses a serious problem when the gamma-ray
technique is app’hed to large dlameter‘systems.v As discussed prewously, attenuation
is due primarily to the photoelectrié effect, Civ)r-rx’bton s;céttering and..absorption, and
pair production. . VFurthermore the various types of Sttenuations (i.e. photoelectric,.
- Compton, and pair production) dominate at certain energy levels as shown in Figure
3.1. if two different sources are selected, with different attenuation coefficients; however,

if attenuation is dominated by the same process for both sources, the denominator in
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Eq. 3.19 approaches 0.0 making the calculated value of ¢, very sensitive to slight errc.
in the measured quantities (i.e. count rates). It follows from Eqs.. 3.6 to 3.9 that the
best results wolild be obtained if a low energy source (i.e. one in which attenuation was
dominated by the photoelectric effect) and a relatively high energy source (i.e. one in
which attenuation was dominated by Compton scattering and absorption) were used.

However, in a large diameter system, it may not be possible to use a low energy
source since the majority of the radiation will be attenuated by the absorbing medium.
Thus, it is necessary to use a higher energy source. If this is the case, then the second
. source would have to be extremely powerful (i.e. energy > 10 MeV) to satisfy the
criterion presented in Eq. 3.28.- However, these sources pose serious safety problems
and may not be readily available.

Nevertheless, for a given set of two sources, the appropriate source activity must
~be chosen. The activity required will depend on ‘several factors, iﬁcluding the countine
-period, collimation diameter, length of the collimator, detector efficiency, and emissios
- ratio of the desired gamma-rays (Chan and-Banerjee, 1981).

It is well known that the counting process is a Poisson process, where the probability

of n counts occurring in the time interval At is given by:

-8B At) exp(BAt) (3.29)

The mean and variance of the Poisson process is B (i.e. the count rate). The standard
~ deviation is vVB. Thus, the actual count rate. is the measured count rate + vB. Hence,

~ the uncertainty in the count rate is 3@ If Bo (i.e. empty column count rate) is

-

measured over.an extended period of time, the statistical error in Bo is assumed to be

insignificantly small and the statistical error in void fractions may be calculated assuming

-

only errors (or uncertainty) in the measured count rates (i.e. B).
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Commercially a\)ailable sources, with energies ranging from 0.0595 MeV (Americium
—241) t0 1.17,1.33 MeV (Cobalt-60) were used to simulate the effect of uncertainty in
the count rate on the predicted phase fractions. The two source combinations used to
study the effect of errors in count rate on phase fractions were: (1) Americium - 241 -
- Cobalt-60 and (2) Cesium-137 (0.661 MeV) ~ Cobalt~60. For these simulations, the

liquid phase was assumed to be a straight chain (C52) paraffin wax (MW = 730), and
the solid phasé was iran oxide. For the purpose of these calculations, Case 1 alignment
.wasv used,-and the attenuation due to the gas phase was assumed. negligible.
. The-attenuat_ion coefficients for the solid and liquid phases for each source were
_estimated from data pre.;'.ented by Attix (1968). Attenuation coefficients are given by
Attix for elements with atomic numbers up to 28 for energies ranging from 0.01 to
10 MeV. Equatjon. 3.6 was used to estimate the attenuation. coefficients for iron oxide
.and wax. Table 3.1 lists the attenuation coefficients used for sensitivity analysis. The
_-_crife;ion established in: Eq. 3.28 .is satisfied for both source combinations. For the
Americium~Cobalt system, the quantity on the left hand side of Eq. 3.28 is 0.2, and for »
the Cesium-Cobalt system, the quantity on the left hand side of Eq. 3.28is 0.98. Thus,
one would expect that slight errors in measured quantities (i.e. count rates) would have
less of an effect on the predicted volume fractions for the Americium—Cobalt system as
compared to the Cesium;Cabalt s}stem. |
Tables 3.2a and 3.2_b show results for the Americium-Cobalt system for errors in
the count rate of Cobalt and errors in the count rate. of ‘Americium, 'respec'ti‘vely. An
~error of 1% in the Cobalt count rate corresponds to an error of approximately 10% in
.the predicted gas holdup. However, an error of 10.% in the Americium count rate would
produce an error of only-4.5 % in the predicted gas holdup. Tables 3.3a and 3.3b show
results for the Cesium—Cobalt system.  For this system, an error of-only 0.1 % in the

count rates of Cesium or Cobalt produces an error of 19% and 26%, respectively, in the
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Table 3.1. Attenuation Coefficients (cm-1) Used for Errer Analysis

~Caleulations
ABSORBING MEDIUM | SOURCE
- Am=241 Co~60 Cs-137 .
WAX (CsoH106) 0.139 0.0423 0.0580
IRON OXIDE 4575 0.2710 0.3820

Table 3.2a. Effect of Errors in the Count Rate of Co—60 on Volume Fractions
- Using the Am-241 and Co—60 System

"% ERROR IN COUNT RATE ¢ %error ¢ % error
+0.1 ' 0.152 13 00300 -
+0.5 o 0.157 47 0.0302 0.7
+10 0.165 10.0 0.0305 17
+5.0 0.223 48.7 0.0320 6.7

+100 0204 960 00340 133

Table 3.2b. Effect of Errors in the Count Rate of Arﬁ-‘-241 on Volume Fractions
Using the Am=-241 and Co—~60 System

% ERROR IN COUNT RATE ¢g  %error: €& % error
+0.1 0.1500 - 0.0300 -
+0.5 | 0.1496 0.27 0.0299 0.3
#10 | 0.1492 - 0.5 0.0305 07 -
+50 0.1462 2.5 0.0320 2.3
+10.0 ©0.1426 4.9 0.0286 47

Base Conditions: ¢g = 0.15, ¢, = 0.82, and e = 0.03
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Table 3.3a. Effect of Errors in the Count Rate of Co=60 on Volume Fractions
Using the Cs—137 and Co=60 System

% ERROR IN COUNTRATE - ¢ %error & % error
+0.1 0189 26 0037 23
+0.5 0.344 129 0.065 117
+1.0 0.537 258 0.099 230
+5.0 ) 2.050 1267 0.370 1133
+10.0 3.860 2473 0.694 2213

Table. 3.3b. Effect of Errqrs in the Count Rate of Cs~137 on Volume Fractions
Using the. Cs-137 and Co~60 System

% ERROR IN COUNTRATE és % error € % error
0.1 . 0.122 19 0.025 17
+0.5 ' 0.013 91 0.0057 83
+1.0 | -0.123 182 -0.021 170
+5.0 4 -1.170 893 -0.218 827

+10.0 - -2.468 1745 -0.454 1613

Base Conditions: €5 = 0.15, ¢, = 0.82, and ¢; = 0.03
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predicted gas holdup values. [t is obvious from these results, that in order to accurat.
measure individual volume fractions in a three—phese system, one must use a relatively
* low energy source (e.g. Americium—241) and a high energy source (e.g. Cobalt-60).

4"I_f,'a‘.suit‘able;.l'ow'en_ergy gamma source is not ‘a_;vailabnle,-then a three-phase system
‘m'a'y be treated as a two—phase system.-(i.e._treat the solid _phase and the liquid phase as
a single'pnése), proVided theWeightI fractions.éf-inevsoiid and |i<juid phases are known.
) T_'Hese quant'ities.ia_re.needed to calculate the attenuation coefficient for the slurry (see
" Eq 36), ' |

zM "~ i=1to no. of‘éomponenis (3.30)
ps£ : '

The volume fractlon of the slurry may be calculated using (see Eq. 3 10)

_ —in(8/8Bo)

o= (3.31)

where €., = €5 + ef

v Expenmental Apparatus and Operatmg Condltlons |

| Dunng some of the expenments in the 0. 21 m ID column, the dual energy nuclear
density gauge was used to determine gas holdups at various radlal and axial locations.
The density gauge system was composed of 2 movable alssembly mechanism (MAM)
which was used to transport the gauge. both ax:ally and radlally along the column two
raduoactlve sources, two Nal detectors and the assocuated .electronics.

Movable Assembly Mechamsm (MAM)

The MAM is used to transport the nuclear densny gauges both axially and radially
along t-he -column It'is lelded into two main parts the aXIaI movement mechanism
(Flgure 3. 6) and the radial movement mechamsm (F|gure 3.7). - Separate axial and
radlal movement -mechanisms for the sources and detectors were constructed. Each

-

axial movement mechanism consisted of a 6.35 cm diameter ball screw (Saginaw),
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3.3 m long, two support rods (5.1 cm diameter, 3.17 m long solids steel shafts), two
5.1 cm pillow blocks (Saginaw, SPB-32-ADJ), one non—preloaded ball nut (Saginaw,
5703263), two pillow flange béarings (Dodge, 059076), and one 1.27 c¢m thick aluminum
plate on which the radial movement mechanism, was mounted. A 2 HP motor (Reliance,
T16#3030) equipped with a 10:1 Tygear reducer (MR94667) and double single sprocket
was mounted at the top of the apparatus arjd was used to transport the density gauge
axially.

The radial movement meéhanism was located on top of the aluminum plate de-
-scribed above- (see Figure 3.7). Each‘radial movement mechanism consisted of two
support shafts (1.9 cm diameter, 0.61 m long) which were mounted to two support rails
(Saginaw, SR-12-PD), four pl”OW blocks (Saglnaw SPB-12-OPN), one ball screw 2.2
cm in diameter and 0.66 m Iong (Saglnaw) one ball nut (Saginaw, 5708277), two pillow
flange bearings (Dodge), and two 1.27 e¢m thick aluminum plates which supported the
detectors or sources. A 1/4 HP motor (Reliance, T56H1019) equipped with a 10: 1
Tygear reducer (MR94751) was mounted directly to the ball screw used to transport
the sources radially. A chain and associated sprockets connected the radial movement
mechanisms for the sources and detectors.

A series of magnetic switches were used to position the density gauge at predeter-
m'med locations (both axial and radial). The magnetic switches were connected to the
motors and once actlvate_d, would turn~off the motor. Thus, measurements were made
at'the same location each time: | This is extremely important for radial measurements,
since the distance t‘hrough“the pipe varies with the radial position.

d Det | or

A 35 mCi Cobalt-60 source, a 50 mCi Cesium-137 source, and a 300 mCi Americium

= 241 source were used throughout our studies. The Cs-137 and Am-241 sources

were donated by the Department of Energy and were previously used by Scientific
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Applications Incorporated. The Cs~137 source was an encapsulated ceramic cylinder

mm in drameter and 3 mm long. The Co—60 source was an encapsulated metal cylinder

.of Cobalt-60, 1 mm by 1 mm. Am-—241 was a disc source measuring approximately 12

mm in diameter. The Am-241 source was tested in our system by placing it in a source
holder without any collimation and using a Nal (sodium iodide) detector (1.5” diameter
crystal, 1 mm thlck) with a berylllum window. The column was filled with water and
air was bubbled through. The count rate measured at the detector was approximately
150 counts/sec Once colhmated the co'unt rate would be substantrally lower. We

consulted various manufacturers about low energy gamma sources; however we were

'unable to locate a pomt source with sufficient activity for our application. The strongest

low energy gamma source we were able to locate was a 5 Ci Am~241 disc source with an
effective diameter of 40 mm. However, once collimated with a 2.54 cm long collimator,
0.63 cm in diameter, the estimated count rate wou]d be approximately 30 counts/sec.
One other alternative available was to haye 3 low energy source manufactured whi

consrsted of several disc or cyhndrlcal sources allgned ll'l series. Amersham makes a
25 Ci Am~241 source measunng 85 mm ln Iength and 40 -mm in diameter. If this
source was used, we could expect a count rate of approximately 150 counts/sec, which
is still extremely low. For dynamic systems, where the volume fraction of the individual
phases at a vgiven Iocation fluctuate with time, higher count rates are required because

the response time of the ratemeter is a functlon of the count rate. For a count rate of

150 counts/sec it takes approximately 20 seconds (our system) for the count rate from

the ratemeter to reach 99 % of its actual value. Thus, if count rates are measured over
a short period of :;_na'é, it is possible that they will not reflect the true (or average) count
rate. Since, we were unable to obtain a low energy gamma source, we decided to use
the Co—60 source » and Cs—137 source as our two sources. We did not expect to obtarn

good results for three—phase measurements usung this system (based on the dlscussron
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presented in the section entrtled Source Selectlon and Sensrtrvrty Analysrs) however,
we felt we could always treat our three—phase system as a two-phase system using the
measured welght fraction of SOlIClS (see Chapter II) to calculate a mean attenuatron
coefficient for the slurry )

The two source holders used to house the Co-60 and Cs—137 sources during mea-
surements are shown in Flgures 3.8 and 3. 9 respectlvely The Cobalt—60 source was
collimated through a 76 mm long opemng 5.1 mmin drameter and the Cesnum source

Awas collimated through a 50.8 mm long opemng 6 35 mm in drameter The source
holders w were desrgned such that the Ievel of radratnon detected at approxrmately 2 feet
“from the source (not including the open end) was less than 0.4 mrem/h

Nal detectors (3.81 mm crystal dnameter 3. 81 mm thrck) manufactured by Bicron
'corporatron were used wrth both the Co—60 source and Cs—137 source. The detectors
were placed in an alumlnum housmgs equrpped W|th coolmg conls (see Frgure 3.10).
A thermocouple was attached to the wall of the housrng to momtor changes in the
detector temperature Colllmators were also placed at the front of each detector and
were : approxrmately 38 mm long W|th a dlameter of 6. 35 mm..

‘ Nuclear Electronics B o
A separate set of nuclear electromc components were used for each source-detector
system so that data could be acqunred srmultaneously from both detectors All nuclear
‘ electronrcs were manufactured by Tennelec and are Irsted in Table 3 4. Frgure 311lis

" a schematic representatlon of the nuclear denslty gauge rncludmg the source, detector,

electronics, and data acqunsrtron system The data acquisition system was the same as
| "that used for acqumng data from the pressure transducers The rndrvrdual gamma pulses
“are amplrfed by the preamplrfler shaped and further amplrfled by an ampllfler Pulses
" from the amphfler pass through the srngle channel analyzer (SCA) whlch dlscnmmates

“between different pulses so that only pulses correspondmg to a given energy level are



136

-

E
E

L-——-_--————-—-—--o—-—-

/ |
DO

n [
."

*19pjoYy 82IN0S Q9-1edoD ~ ° jo uoleueseids dyeweydS gE onbi4 |

/ . //{W My, e .r 7 \ ..........”....J ......t ./r....l/ /hi/ N ¥
/ ™ T, 3 ", /”t/r... ~, "
%/ﬂ// A /W/H/../f//.// N vy J//:HWNM/W% N , , ... ,
N 20u0os \\em s\

/// V/U///,.,, NN /_//»W/V/n/uﬂ,//f/Nﬁ,,Wwﬁ N

Ny

NN
N

b

- am

-y
o‘ .-4
."/ l //]

o
- A—
e,

el

;’/J '

==B ==
e fyﬁ 7

2

Y

LSS

s

MR
1334S SSATNIVILS




137

J8PjoY ©2N0S /€ |-WINiseD ey jo uojejussesdes aeweyos ‘6'c 8inBiy

T \Lsss 05 $L54 4]
“ DAl Ao XL
ww p'gz |
|
i

\.
Vit

13315 SSINIVIS




138

. N
— e e s o e i o () e e S e
4

'S93IN0S /E1-WNIS3)

pue g9-ieqo) ey) Joj Buisnoy 10jo3l8p ey jo uonejueseidas oewsyos 0l ¢ 8nbi4

ww $0c

131LNO HILVM

13N HILVM

S0D
H3LVM ONITOOD

Ll \s
..rn.lll-l.lr.....hsl._




139
Table 3.4. Summary of Nuclear Density Gauge Electronics

EQUIPMENT MANUFACTURER MODEL #
DETECTOR BICRON - 1.5M1.5/1.5
HIGH VOLTAGE SUPPLY TENNELEC TC-948
PRE-AMPLIFIER TENNELEC TC-154A
AMPLIFIER TENNELEC TC-248
SCA* TENNELEC TC-450

RATEMETER TENNELEC - TC-526

? SCA: Single channel analyzer

Table 3.5. Summary of Settings for the High Voltage Supply (HVS),
Ampliifier (AMP), and Single Channel Analyzer (SCA)

INSTRUMENT =~ DIAL © Co60  Cs-137

HV OUTPUT VOLTAGE 681 585
COARSE GAIN 100 50

AMP ' FINE GAIN 1.17 : 0.57
TIMING AMP GAIN 50 50

SCA UPPER LEVEL 95 50

LOWER LEVEL 5.1 4.5
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counted. The output pulses from the SCA are then fed into the ratemeter and a voltage
corresponding to the count rate is sent to the computer for data acquisition.

The single channel analyzers were operated in the normal mode of operation. Since
we did nét have access to a multichannel analyzer, the windows (i.e. lower level thresh-
olds and upper level thresholds) were set experimentally using the procedure outlined
in the SCA manual provided by Tennelec. The settings of the SCA as well as the other
instrumentation is given in Table 3.5.

Calibration Procedures

Once the electronics were adjusted, calibration procedures were initiated to obtain
attenuation coefficients for SASOL wax, FT-300 wax, iron oxide, and silica. A 0.1524
m wide x .1524 m deep x 0.61 m tall stainless ‘steel chamber was constructed fo}
conducting calibrations (see Figure 3.12). Attenuation coefficients were determined for
wax at 265 © C. In order to obtain the attenuation coefficient for pure wax (i.e. no
solids), two measurements were made: (1) empty chamber, B, and (2) full chamber,
B. Knowing B, Bo and the thickness of the absorbing medium, d (i.e. 0.1524 m) the

attenuation coefficient for the liquid phase was calculated using:

Be = In(B / Bo) (3.32)

-d

The aftenuation coefficients for the solids (i.e. iron oxide and silica) could not be
measured using the same procedure (i.e. filling the calibration chamber with pure
solids) since voids exist between the individual solid particles. Due to the presence
of the voids, the exact width 6f the absorbing medium is not known. To overcome
this problem, a slurry composed of wax and solids was used to acquire the attenuation
coefficients of the solids. First, an empty chamber count rate, B, was obtained. Then,
a known amount of wax was added to the calibration chamber and heated to 265 °C.

Once at temperature, solids were added to form a 10 wt % slurry. A stirrer was used to
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Figure 3.12. Schematic diagram of the calibration chamber.
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suspend the solid particles. Once the system stabilized (approximately 30 minutes) a full
chamber count rate, B was obtained, and a sample of the slurry was withdrawn at the
same height at which the measurement was made and analyzed (using the procedure
described in Chapter I1) to determine the solids concentration in the slurry. The solids
concentrations from the samples were within 3% (relative) of the solids concentrations
calculated based on the amount of wax and solids added to the chamber. B, Bo. uy,
and the measured solids weight fraction were then used to calculate the attenuation

coeficient for the solid phase (i.e. iron oxide or silica) using: -

ln(BéBo) __‘ (1-ws )Psr By

b (3.33)

'us}=' - T Ws P, /
Ps

This procedure was repeated with solids concentrations of 20 and 30 wt% for each solid
type, and the average attenuation coefficient from the three meesurements was used in
subsequent calculations. Table 3:6 lists the measured attenuation coefficients for SASOL
wax and FT-300 wax. Also shown in Table 3.6 is the measured attenuation coefficients
for iron oxide and silica using 10, 20, and 30 wt% slﬁrries, as well as the average values
of the attenuation coefficient for each solid. There was very goed agreement between
attenuation coefficients obtained using different slurry concentrations.

Table 3.7 compares the measured attenuation coefficients to those calculated based
on the data presented by Attix (1968) (see Table 3.1). Their is very good agreement

between the measured and predicted attenuation coefficients.

Data Acquisition and Reduction Procedures

Nuclear densnty gauge measurements were made dunng the maJonty of experiments
in the 0.21 m ID stamless steel column As mentioned previously (see Chapter in,
during experiments the system was allowed to remain at a given set of conditions (i.e.

constant gas flow rate) for a period of one and a half hours. Measurements with the
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Table 3.6. Measured Attenuation Coefficients (cm=1) for FT-300
Wax, SASOL Wax, Iron Oxide, and Silica

ABSORBING MEDIUM  WT% SOLIDS SOURCE
Co60  Cs-137

FT-300 WAX - 0.0421 0.0555
SASOL WAX , - 0.0415 0.0519
< 10 0.2718 0.3910

\RON OXIDE 20 02690 03891
30 02750 0.3920

- 10 0.1411 0.2039

SILICA 20 : 0.1409 0.2072

30 0.1380 0.2110

\RON OXIDE  AVERAGE 0.272 - 0.391
SILICA AVERAGE 0.140 0.207

Table 3.7. Comparison of Measured and Theoretical Attenuation
Coefficients (cm-1)

ABSORBING M‘E'DIUM ' Co-60 Cs-137

Mciwred Theoretical Measured  Theoretical

FT-300 WAX 0.0421 0.0423 0.0555 . 0.0580
IRON OXIDE 0272 021 0.391 0.382
SILICA  0.140 0.148 0.207 0.205
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nuclear density gauge were initiated after approximately one hour. The output voltage
from the ratemeter is related to the count rate'thro'ug‘h a scaling factor, Sc. For all
measurements, Sc was 500. The count rate at time i is calculated from the output

voltage using the following expression
B; = (OutputVoltage);(S¢) (3.34)

Count rates were determined from output voltage data recorded over a period of 2 to 3
minutes at a sampling frequency of 50 Hz using the data acquisition system described
in Chapter Il. The output voltages at each time, were converted to count rates via Eq.

3.34, and the average count rate, B, which was used in all calculations is
ng.
B— __2'n8' _ (3.35)

where n is the total number of data points (e.g. .if one Samples at 50 Hz for 60
seconds, n would be 3000). The average count rate was used to determine the phase
fractions in the systerﬁ. Figure 3.13 is a schematic representation of the locations at
which measurements were made. In some experiments, measurements were limited to
heights of 0.91 and 1.52 m above the distributor. The distance through the column,
which represents the thickness of the absorbing media, at each measurement location
was measured eipefifnentally by obtaining count rates for th:é émpty column at each
.position and count rates with a full-column of wax (i.e. no gas) at each position. These
vvalues. together With the attenuation cbefﬁcient for wax were used to calculate the
distance through the column at eac_h“lo‘cation using,

_In(B;/Bs)

= (3.36)

where i represents the location of the density gauge (see Figure 3.13). Values of d;

were obtained at the begmnmg of each set (or batch) of experiments. These values
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Figure 3.13. Schematic diagram of the nuclear density gauge
measurement locations.
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