different L/D ratios, and ¢ different pressures are necessary. Tracer runs at different

gas consumption or gas ger=neration rates are also needed.

8 Nomenclatuire

c constant irin equation for void fraction profile
Cr liquid phasse concentration, mol/em?

Ce gas phase ¢ concentration, mol/cm?®

D, column diziameter, m

D, liquid axiaial dispersion coefficient, cm?/s

Dg gas axial ddispersion coefficient, cm?/s

D,. radial turbbulent diffusivity, em?/s

D,, axial turbvulent diffusivity, cm?/s

g gravitatiopnal constant, em/s?

H Henry’s coonstant

Kra overall liquuid side volumetric mass transfer coefficient, cm/s
L height of liliquid dispersion, cm

m void fracticion exponent

Ueg superficial ] gas velocity, cm/s

U liquid circiculation velocity, em/s

z axial positition of detector, cm

Greek

fa% fraction obf Gas phase tracer detected

€G gas holdupp

€c constant i in equation for void fraction profile
p density, gym/em?

P non dimernsional radial position

Subscripts

G gas

L liquid

t time
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U upflow regizion

Z axial positition
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10 Appendix 1: Holdup Measurements

This appendix deals with ¢ some of the aspects on holdup measurements, that were
discussed in the main report:t. The differences in gas holdup estimates between the
nuclear densitometer and v : ray tomography technique are shown in Figure A.1.1.
In nuclear densitometry (left’t figure), the source emits a narrow beam of « radiation
through the column, with aa detector opposite it. This yields a series of chordal
measurements. A single line e averaged holdup can be obtained across the centerline
of the column. In v ray tomanography (CT), a series of scans is obtained at different
angular positions to yield a a a distribution of void fraction across a given cross-section.
The average holdups obtainedd from NDG are thus higher than the true cross-sectional
average holdups from CT. Mdore details are presented elsewhere (Kumar et al, 1995).

However, as the void fraciction profile becomes more uniform , that is, with larger
values for the void fraction eexponent m in equation 14, the differences are reduced.
This is illustrated in Figure £A.1.2.

Figure A.1.3 (a) and (b) s shows the axial holdup profiles in the column from DP

and NDG measurements at vvarious process rates.
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11 Appendix III: Simulation of the Radiation In-
tensity Mezasured by a Detector

The intensity of eadiaticion from a point source recorded at a detector is given by

the following expression:

np = AF.BF.Q.q.5 (24)

np is the count rate (countsts/time) at the detector due to a point source. Each factor
is defined below.

The attenuation factor AFF is defined as

AAF = exp[—(pgly + pstlss + tiwl)] (25)

in which g,, ps and g, arce the linear attenuation coefficients in the gas, the slﬁrry
and the wall of the reactorr, and [, {5 and {, are the effective distances or depths of
penetration in the respectitive media. The attenuation coefficient in the gas phase is
negligible when compared { with the other phases, and so the term for the gas phase
is ignored. [y takes into aaccount the liquid (slurry) holdup. The calculation of I
depends on the nature of { the holdup distribution. This assumes that the slurry is
pseudohomogeneous. If thaat is not the case and if the attenuation coefficients for the
solid and liquid are considderably different, then the term pqly must be replaced by
il + usls, where subscripbts s and [ refer to solid and liquid, respectively.

The buildup factor BF reppresents the ratio of the intensity due to all photons to the
intensity due to unscattereed photons alone. It is defined empirically using the Berger
equation (Tsoulfanidis, 19883):

BF =1+ ((asipsiis + awpwls)[exp(bsapsls + bupwly)] (26)

where a and & are the emppirical constants depending on the medium and energy of

radiation.

The solid angle $ is the frfraction of photons emitted by the source that is seen by
the detector. For a shieldeled detector, only the front circular surface of the detector
is exposed to the v rays. FFor such a case, the solid angle is given by:

0= %(1 — cos(tan'(R./d)) 27)
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where F. is the radius of tithe circular face of the detector, and d is the distance

between the source and the ¢ detector.

n, the efficiency of the detecictor, is taken to be a constant. S is the source strength.

This is proportional to the cconcentration of tracer at a given location.

The detectors used are 22" x 2” Nal crystals, shielded on their sides. The various
material constants at the eneergy levels of the source used are provided in Table A.2.1
(Tsoulfanidis, 1971).

Qur objective is twofold. . Initially we estimate the spatial range at a given axial
position in the column over v which the detector receives its signal. The simulation is
done for an assumed uniform a distribution of tracer and uniform distribution of phases.
Secondly, we proceed to studdy the effect of the radially non-uniform gas holdup profile

on the radiation received at t the detector

1. Uniform phase distributioon and concentration of tracer in gas and liquid phase

The medium is considerered to be homogeneous, with uniform phase and tracer
distribution. Therefore the ¢ effective distance in the liquid (slurry) medium used in

Equation 25 and 26 is givenn as

lsg = lsd(l - ég) (28)

where [,4 is the distance bettween the source and center of the detector. The source
strength or local activity is tlthe same at all locations, since the concentration of tracer
(which is proportional to the = local source strength) is uniform. Substituting for all the
factors into Equation 24, the e count rate recorded at the detector due to the individual
uniformly distributed point s sources is calculated. The resulting spatial distribution
of intensity (counts/time) atat a given axial position is shown in Figure A.2.1. The
position of the detector relatitive to the intensity distribution is shown in Figure A.2.2.
The perpendicular distance bbetween the face of the detector and the wall of the column
is 2.54 c¢m (1 inch). The shaaded region in Figure A.2.2. represents the volume (area)
considered for the contributition of the radiation to the overall radiation received at
the detector. The total radiaiation from this shaded region, which forms less than 1 %
of the entire reactor volumee, 1s 90 % of the total radiation from the entire domain.
Since the detector is shieldedd on its sides, the contribution of radiation from different
axial positions other than ththe cross-sectional slice (10 cm in thickness) at the axial
position of the detector is neegligible. Therefore it can be assumed that the radiation
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measured at the detector atat a given axial position is proportional to the concentration

of tracer at that axial localation.

2. Uniform tracer concentrtration and variable gas holdup profile

It is well known that tlihere exists a cross-sectional holdup profile in the column.
The effect of this profile, 1 that is, variation in holdup, can be accounted for in the

simulation of the radiationn measured at the detector. This is done as follows:

o The gas phase modelel is used to estimate the cross-sectional average gas and

liquid tracer concentrirations (Cg and Cp) at a given axial location and time.

e A suitable radial holdldup profile of the gas eg(r) and thereby the liquid ez(r) is
assumed (Kumar, 19994).

e The attenuation factdor (AF) and buildup factor BF are calculated by account-

ing for the local variziation in the phase distribution.

AFF = exp(=([[ " pall — ec(r)dl] + puls)) (29)

Po

where p; and p; dernote the position of the source and detector. A similar
expression is used foor the buildup factor, which takes into account the varying
phase distribution. TThereby the effects of radial gas holdup profile are properly
accounted for in the t factors AF and BF. The solid angle and efficiency remain
unchanged from the | previously discussed values. The source strength at a given

point in the cross-secctional plane is calculated as

S§8(r, z,t) = ec(r)Celt, z) + eL(r)CL{t, 2) (30)

Substituting for the » individual factors into Equation 24 and integrating over
the filed of view of thhe detector, the overall count rate is calculated, which gives

the total tracer concecentration at a given axial location Cy(%, z).

In this simulation, the g gas profile given by equation 21 is used with an exponent of
m = 3. The effect of gas aand liquid tracer concentration on the resultant count rate
at the detector is shown irin Figure A.2.3.(a), (b) and (c). When the gas and liquid
tracer concentration are eequal, the simulated profile is steep, similar to Figure A.2.1

with a sharp exponential | decay. However, as the concentration of liquid tracer is
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reduced, the profiles become ¢ flatter, and the contribution of the tracer in the shaded
region of Figure A.2.2. to thae total radiation is reduced (Fig A.2.3.(c)).

Therefore when the conceentration of tracer in the liquid phase is low enough, as
in the present situation, the : (cross-sectional) spatial contribution of radiation from

the tracer at a given axial locication becomes uniform and the simplified expression for

C, given by Eqn 7 is valid.

Table A.2.11 : Constants for Radiation Simulation

tstst | 0.065 cm™ | gy | 0.40 crm™!
Qsi sl 1.4 Aoy 1.27
bsrsi 0.027 b 0.032
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Figure A.2.3: (a) Front Vieww of the (x,y) Spatial Distribution of Radiation with
Non-Uniform Gas Holdup, aiznd Equal Gas and Liquid Phase Tracer Concentration.

The contribution of the shadded region in Fig. A.2.2. to the total radiation detected
is 88 %.
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Appendix IIII: Liquid Tracer Experiments and

Model Fits
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Figure A.3.1: Liquid Impulsese Response Mesurements for Run 14.6, N1-CEN, (5.2
MPa, Us = 25 cm/s), Injectition Time 7.2s
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Figure A.3.2: Liquid Impululse Response Mesurements for Run 14.6, N1-WALL, (5.2

MPa, Us = 25 cm/s), Injeection Time 30.8s
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Figure A.3.3: Liquid Impulsese Response Mesurements for Run 14.6, N2-CEN, (5.2
MPa, Us = 25 cm/s}, Injectition Time 16.2s
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Figure A.3.4: Liquid Impulilse Response Mesurements for Run 14.7, N1-CEN, (5.2
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Figure A.3.5: Liquid Impulsese Response Mesurements for Run 14.7, N1-WALL, (5.2
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MPa, Ug = 14 cm/s), Injeection Time 9.8s

69






