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ABSTRACT 

A single-beam gamma-ray densitorneter capable of precise vertical and 
horizontal scanning bas been developed for the study of hydrodynarnic phenornena in 
gas/liquid and gas/liquid/solid multi-phase flow colurnns. Studies were made on 
thick-walled reactors at elevated ternperatures and pressures for hydrogen/organic 
liquid systems. Under these con:Utions, rnethods that rely on the insertion of 
sensors cannot be employed easily. 

Time dependent garnrna-ray attenuation caused by gas bubbles passing through 
the fluid was rneasured at different positions and under various conditions in two 
vertical continuous-flow colurnns. In addition to time averaged attenuation recorded 
by a single-channel scaler for measurement of mean local voidages, probability 
density distributions (PDD) were measured in order to investigate the homogeneity of 
bubble distributions. A statistical rnodel was developed to deconvolute the PDD 
function and to correlate thern with the instantaneous voidage. 'Analyses show that 
this technique is a powerful tool for the determination of void fraction and flow 
regime. 

INl'R(J)UCI'ION 

Many rnulti-phase flow columns are being used in petroleum refineries and 
chemical plants operating at elevated tem:peratures and pressures. Although the 
hydrodynamic behaviour of rnulti-phase systems including gas/liquid and 
gas/liquid/solid flows has been studied extensively at or near ambient corrlitions, 
information on systems operated at high pressures and temperatures is scarce. 

C'ANME'I's Energy Research Laboratories bas been involved in the development 
of processes for upgrading bitumen, heavy oils and coal slurries for rnany years (1-
3). As part of the fundamental research in supr::ort of such process development, the 
hydrodynamic behaviour of rnulti-phase flow at elevated temperatures and pressures is 
be ing studied. 

Processes operating at high ternperatures and pressures require thick
walled vessels. At these conditions, methods requiring the insertion of probes to 
deterrnine hydrodynamic behaviours are difficult to ernploy. Therefore, non-invasive 
techniques were sought resulting in the development of a single, narrow-beam garnma
ray densitometer with digital tirœ series analysis of the signals (4). Operating 
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principles and experimental results are described. 

Bl\CXGRaJID 

The attenuation of a gamma-ray beam follows Beer's equation: 

N = No exp [ - (--o/A) V] Eq. 1 

where: A = cross-sectional area of the bearn (crn2} 

N = detected counting rate (counts/s) 
No= counting rate when colurnn is ernpty (counts/s) 
V = volume of the rnaterial (crn3) 
.,a, = attenuation coefficient (crn-1) 

For gas/liquid two-phase flow, attenuation due to gas is much less than 
that of the liquid and therefore can be neglected even at high pressure. The 
volumetric fraction of liquid in the control volume, Ve, as a function of time can 
be written as: 

where: e(t) 
0 

Eq. 2 

= the tirne dependent voidage within the control volume 
= the counting period (s) 

If we def ine NE and Np as count rates for the attenuqtion when the colurnn 
is empty or full of liquid Eq. 1 and 2 show the count rates as constant. 

The count rate, t\_, at tirne, t, is related to the void fraction within the 
measuring volume at the time of measuring by: 

e(t) = ln(t\_/Np)/ln(NwNp) Eq. 3 

The sampling period, e , used in Eq. 2 depends on the information required. 
For a small sampling period with continuously repetitive recording, the voidage 
as a function of time can be obtained in order to identify the flow regime, whereas 
a long sampling tirne allows a direct measurement of mean voidage. 

Equation 2 allows the determination of the temporal mean void fraction 
within the measuring control volume, Ve: 

Eq. 4 

When a two-phase flow contains homogeneous bubbles with bubble cross
sections (diameters) smaller than that of the gamma-ray beam, the voidage in the 
control volume [e(t)] is identical to that of the cross-section of the colurnn. 
However, when the gas flows through a central core (slug or annular flow), the 
column cross-sectional voidage is related to the control volume voidage by 
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E.q. 5 

A f ew methods have been developed to overcome this ambiguity including a 
single beam with multiple scanning (5), multiple-beam densitometry (6,7) and 
tomographie techniques (8,9). Most are unsuitable for our applications. 

A method involving the analysis of PDD functions of the sampled time 
functions observed by using a single-beam gamma ray has been developed to overcome 
this difficulty (4). 

EXPERIMENI'AL AR> RFSJLTS 

A 2 Ci csl37 (0.662 MeV) source radiating across a diameter of a 
cylindrical vessel was used. A NaI (Tl) detector located on the other side of the 
column was used to detect gamma-ray photons. The gamma ray is confined to a well 
defined narrow beam geometry by collimators placed in front of both source and 
detector. A single-channel scaler and a multi-channel analyzer (MCA) were then used 
to register count rates and PDD functions. 

Two vessels were used. One is made of plexiglass for garnma-ray 
measurements and photography at perpendicular directions using a nitrogen/water 
bubble column. The other is a thick-walled stainless steel vessel for simulating 
multi-phase flow at elevated temperatures and pressures. 

The source and detector are mounted on a metal plate thus the relative 
' 1 

positions are fixed. The plate is vertically and horizontally movable and is 
controlled by a si;:ecialized logic to precisely locate the desired rneasuring volume 
position. Figure 1 shows a photograph of the scanner. 

Figure 2 shows nitrogen/water bubbling phenomena studied at ambient 
conditions. Figures 3 to 6 show histograms of their count rates. Figures 3 and 4 
show the original si;:ectra recorded using a MCA. Noises dœ to the detector (see 
next section) are clearly visible. Distinguishable peaks were observed when large 
bubbles p;tssed through the gamma ray when the si;:ectra were smoothed (Fig. 5 and 6). 

The PDD of the time function is a plot of the number of occurrences of a 
given count rate versus that count rate which is proportioral to the channel number 
of the MCA. Figures 7 to 9 show the PDD functions corresponding to the flows shown 
in Fig. 2. 

Qualitative applications of the PDD have been reported for multi-phase 
flow studies by using X-ray techniques (10,11) and by surface pressure measurements 
(12,13). The method is extended here for quantitative studies. 

Hydrogen/heavy gas-oil (zerice) and hydrogen/heavy oil two-phase upward 
flow systems were measured by the gamma-ray scanner at various pressures and 
temperatures through the thick-walled steel vessel. Examples of some PDD functions 
are shown in Fig. 10 to 13. 
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DISOJSSICB 

VISUALIZATIŒ OF BUBBLF.S BY GAMMA.-RAY ATI'EWATION MFASUREMEN1'S 

Measurements from the cold model serve as good examples to illustrate the 
technique. The PDD spectrum line broadening due to detector noise for a constant 
count rate is a Poisson distribution (14). When the count rate is suf ficiently 
high, the distribution approaches a Gaussian distribution with a full width at half 
maximum (FWHM) gi ven by: 

FWHM = [W (2 r ) Jl/2 E.q. 6 

when a ratemeter with a time constant, r, is used. 

The PDD observed for fine bubbly two-phase flow follow E.q. 6 well (Fig. 
7). However, when the voidage is a time variant phenomenon, the PDD functions are 
further broadened by the inhomogeneity of the bubble distribution (Fig. 8); also, 
when large gas slugs appear, an extra peak at high counting rate (near ~) is 
observed (Fig. 8 and 9). The area fraction of this i:;eak is the fraction of tirre 
during the measurement when the flow is "annular" at the plane of the gamma ray. 

Since the attenuation by the vessel is much larger than that due to the 
fluid, the resolution of PDD function cannot be high. The amplitude of the PDD at 
a given channel (counting rate) consists of contributions +rom ~ultiple steady PDD 
peaks. This is confirmed by examination of photographs (Fig. 2) and histograms 
(Fig. 3 to 6) which show that bubbles and slugs api:;ear in groups. Based on these 
observations, a deconvolution model is developed. 

The deconvolution, through an iterative least square process, determined 
that the PDD under our process conditions contained discrete features. These are 
well se:p:i.rated by their associated count rates. Thus the PDD resembled X-ray 
spectra where the statistical noise caused by the count rate was analogous to 
si:;ectrum line broadening due to detector noise. An example is given in Fig. 9 in 
which the deconvoluted peaks are shown by vertical bars. 

The count rate and area of the ith peak are defined as Ni and Ai, 
respectively. The probability of observing a count rate, Ni, is: 

E.q. 7 

where the denominator sums all peaks in the PDD. 

The voidage for this i:;eak, ei(t), can be determined by either E.q. 3 or 5 
depending on whether the count rate is attributed to bubbly or slug flow. This can 
be easily determined from histograms similar to those shown in Fig. 4 to 6. 

The overall mean voidage can then be determined by: 
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F.q. 8 

F.quation 8 is the first moment of the PDD function. 

This model is similar to the use of the residence time distribution 
function to derive first moment parameters in chemical reaction engineering. 

EFFF.Cr OF PRES4JRE AW TEMIERA'lURE ON VOIDAGE 

Systems including nitrogen/heavy gas-oil, hydrogen/heavy oil and 
hydrogen/heavy oil/solid at various conditions have been studied. Sorne examples for 
hydrogen/heavy oil are given here. 

Figures 10 and 11 show the PDD functions observed at 200Oc, for flows at 
P = 1.38 MPa, Ug = 2.02 cm/s and P = 10.35 MPa, Ug = 1.66 cm/s (Ug = superf icial gas 
velocity). The bubble size distributions for these runs are similar and there are 
only small differences in mean voidage at the same gas velocity. The long tails at 
high count rates in the PDD functions indicate the ap~arance of discrete bubbles 
larger than the cross-sectional area of the gamma-ray beam. Although photographs 
could not be obtained because a thick-walled steel vessel was used, the behaviour 
is expected to be similar to that shown in Fig. 2b as indicated by the similarity in 
the observed PDD functions in both cases (Fig. 8, 10 and 11). 

When the temperature was increased to 3ooOc, the number of large bubbles 
• 1 

were reduœd significantly as shown in Fig. 12 by the shortening of the tail of the 
PDD function in comparison with those shown in Fig. 10 and 11. On the other band, 
the count rate of the major peak increased significantly in oomparison with that 
observed at 200°c for a similar superficial gas velocity. This indicates that the 
bubble size distribution became narrower. 

A further increase in tem~rature to 3500c caused the large bubbles to 
disappear almost completely as shown by the absence of a tail on the PDD function 
(Fig. 13). Also, the mean voidage increased further as indicated by the shift in 
peak position to an even higher count rate than that at 300°c. The PDD function 
(Fig. 13) was quite symmetrical and had an FWHM close to the theoretical value 
predicted by Eq. 6 indicating that the bubble distribution was very homegeneous and 
most of the bubbles were smaller than the cross section of the gamma-ray beam used 
(diameter < 0.637 cm). 

cna..usrœs 

The effect of pressure on void fraction is significant only for systems at 
relatively low pressure (<1 MPa) where the hydrostatic head affects the gas density, 
provided there is no significant change in other parameters. 

The observed dominating effect of temperature on void fraction is 
presumably due to changes in rœological properties and surface tension of the 
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liquid, with the result that only fine bubbles are observed at high temperature. 
This explains why very large void fractions have been observed at high temperatures 
and pressures at ERL and elsewhere (15,16). 
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Fig. 1 - CANMET's gamma-ray densitometer for hydrodynamic 
studies 

(a) (b) (c) 

Fig. 2 - Nitrogen-water bubble column patterns 
a. Fine bubbles (Ug= 2.0 cm/s ; gas through a distributor) 
b. Indep endent buboles (Ug = cm/s; single sparger) 
c. Slug flow (Ug = cm/s; single sparger) 
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Fig. 3 - Histogram of gamma-ray interrogation count rate observed for fine bubble distribution 
flow shown in Fig. 2a 
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Fig. 10 - PDD function for hydrogen/heavy oil two- phase concurrent upflow at 200°c and 
1 . 38 MPa with superficial gas velocity of 2 . 02 cm/s 

► 

~ 1--' 

°' 

450 



Cl) 
Q) 
0 
C 
Ql 
t. 
t. 
:J 
0 
0 
0 

-.,_ 
0 

t. 
Ql 
.0 
e 
:J z 

~ 

3000 

2500 

2000 

1500 r 

1000 

500 

0 
50 

J 

100 150 

► 

\ 

200 250 300 350 400 
Channel number 

Fig. 11 - PDD function for hydrogen/heavy oil two-phase concurrent upflow at 200°c and 
10.35 MPa with superficial gas velocity of 1.66 cm/s 
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Fig . 12 - PDD function for hydrogen/heavy oil two- phase concurrent upflow at 300°C and 
13 . 79 MPa with superficial gas vel city of 2.47 cm/ s 
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Fig. 13 - PDD function for hydrogen/heavy oil two-phase concurrent upflow at 350°c and 
13.75 MPa with superfical gas velocity of 2.19 cm/s 
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