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SCOPE 

Calcium oxalate is one of the main mineral constitu- 
ents found in kidney stones from patients in developed 
countries with a high gross national product, presum- 
ably because of protein-rich diets. CaOx kidney stone 
formation in the United States represents a significant 
medical problem. Such CaOx stones examined ex vivo 
are often found to be polycrystalline aggregates of 

CaOx crystals. It is likely that aggregation mechanisms 
play a role in the genesis and retention of such stones. 
The purpose of this study was to quantitatively examine 
the formation of aggregates in a urinelike liquor to spe- 
cifically study the effects of average shear rate (aggre- 
gator rotation rate) and CaOx supersaturation. 

CONCLUSIONS AND SIGNIFICANCE 
The degree of aggregation in the experimental appa- 

ratus could be quantitatively expressed by several 
statistical measures, e.g., the decrease in crystal num- 
bers through the aggregator (normalized by total num- 
ber in the crystallizer), the increase in crystal numbers 
above 15 pm, and the increase in average particle vol- 
ume. All three of these statistical measures of aggre- 
gation correlated strongly with aggregator rpm and 
[Ox’-] feed concentration. Maxima in aggregation vs. 
rotator speed curves coincided with the predicted on- 

set of Taylor turbulence instabilities within the flow pat- 
tern. Increased shear rate up to the point of turbulence 
increased aggregation. Aggregation increased with in- 
creasing [Ox2-], indicating the formation of more stable 
particle clusters at higher supersaturations. 

These data should be useful to the urologist in con- 
structing theoretical models of kidney stone formation. 
The experimental technique and data analysis should 
prove useful in the study of aggregation phenomena in 
other systems. 
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Introduction 

An ex vivo calcium oxalate stone is often observed to be com- 
posed of many individual crystallites firmly cemented together 
as one mass. Such polycrystalline conglomerates are properly 
designated as aggregates’ and aggregation mechanisms are 
quite likely involved in the overall mechanism of stone forma- 
tion. [Definitions consistent with current ASTM usage are 
adopted in this study to differentiate flocculates, aggregates, 
and agglomerates (ASTM, 1985). These definitions are  a t  vari- 
ance with some previously used definitions of agglomerates, e.g., 
lrani and Callis ( 1  963). Thus a flocculate is a group of two or 
more particles held together by weak cohesive forces, whereas 
an agglomerate consists of a tightly bound mass formed by the 
cementation of individual particles, probably by chemical 
forces. ASTM (1985) differs from ASTM (l984), but is consis- 
tent with general European usage. ASTM (1985) defines aggre- 
gates as clusters of particles having a binding force intermediate 
between agglomerates and flocculates. Within the spirit of 
ASTM (1985) we use the single term aggregates to describe the 
weakly-cemented crystal clusters of this study, unless otherwise 
stated in the text.] 

There are many unresolved questions as to the role of aggre- 
gation in the formation of a stone, e.g., “Does aggregation occur 
in a two-step process, with flocculation followed by tight crystal- 
crystal bonding into aggregates? What is the quantitative role of 
supersaturation in the overall aggregation mechanism? Do high 
molecular weight macromolecules that naturally occur in hu- 
man urine aid or hinder aggregation?” These and other ques- 
tions can be answered using the two-stage continuous-flow 
aggregator that was developed for this study. 

The incidence of kidney stones can be related to many factors. 
While an individual’s stress level and dietary habits are primary 
causes (Robertson et al., 1980; Brundig, e t  al., 1981), theoccur- 
rence of kidney stones has also been correlated with heredity, 
race, age, sex, climate, and occupation (Blomen, 1982; Rob- 
ertson et al., 1974). In people who exhibit a propensity to form 
kidney stones, these factors can generally be related to increased 
concentrations of mineral salts in the urine (Finlayson, 1978), 
specifically calcium and oxalate. This results in higher super- 
saturations in the urine and increased stone production. While 
calcium oxalate (CaOx) is the major constituent of kidney 
stones, other mineral salts are also frequently found in stones. 
These include calcium phosphate, magnesium ammonium phos- 
phate, magnesium phosphate, diammonium urate, and calcium 
acid urate. Typically, more than 97% of a kidney stone is a poly- 
crystalline aggregate of mineral salts, with the remaining 3% 
consisting of a protein and carbohydrate substance called matrix 
(Boyce and Garvey, 1956). It is not yet clear how these constitu- 
ents combine to form kidney stones. 

For kidney stones to form, several events must occur. First, 
the ionic concentrations of the mineral salts in the kidney must 
exceed the critical concentration for nucleation to occur. This 
may occur as homogeneous nucleation (Resnick and Boyce, 
1979) or as heterogeneous nucleation on a foreign impurity. The 
stone nuclei must then grow to a large enough size to remain in 
the kidney. Finlayson (1978) has shown that this cannot be 
ascribed solely to molecular growth, due to the short residence 
time of urine in the kidney. Aggregation of the small CaOx 
nuclei most likely accounts for the growth of stones encountered 
in the kidney. Parameters that affect the aggregation rate are 

the surface electrical potential of the salt nuclei and the collision 
frequency of these nuclei, which is determined by the flow field 
in the kidney. Once flocculates are formed, they apparently can 
bridge together to form bonded aggregates, provided that the 
surrounding liquid remains supersaturated. An aggregate can 
then grow, by further aggregation, to a size a t  which it can get 
trapped in the kidney. Alternatively, a stone may form initially 
by nucleation of the mineral salts directly onto a membrane sur- 
face. It can then grow by a combination of molecular growth and 
aggregation. 

The actual mechanistic steps resulting in aggregation of the 
CaOx nuclei into kidney stones are not clearly understood. The 
nuclei must first be brought near to each other through some 
collision mechanism. This may be induced by Brownian motion, 
laminar shear flow, or turbulent flow. A combination of these 
mechanisms probably occurs in the kidney, with collision by 
Brownian motion dominating for nuclei less than about I W r n  
size and laminar shear and/or turbulent flow collisions causing 
aggregation of larger crystals. Once the nuclei are brought into 
contact by collision, surface properties determine whether they 
stay together. Adair (1981) has shown that calcium oxalate 
monohydrate follows classical coagulation theory based on the 
electrical double layer surrounding the particles. As the surfaces 
of any two particles would assume the same electrical potential, 
regardless of size, then these forces due to surface potential are 
always repulsive and act to counter the attractive body forces 
(Van der Waals). An increase in ionic strength of the surround- 
ing fluid can act to “compress” the repulsive force field sur- 
rounding the particles and thus increase the flocculation rate. 

The macromolecular protein polymers existing in human 
urine might effect the aggregation rate in two different ways. 
First, they might adsorb to the crystal surfaces and form a 
bridge between the two colliding nuclei (Finlayson, 1978). 
Alternatively, the adsorbed polymers might reduce the floccula- 
tion rate by altering the electrical double layer. Drach et al. 
(1984) have shown that, in fact, aggregation is reduced by 
nearly a factor of two when these macromolecular proteins are 
present. The overall aggregation rate of CaOx nuclei might be 
influenced by any one of these individual mechanisms. 

The extent of aggregation in batch systems has been related 
to the differences between the initial crystal size distribution 
and the distribution at  some later point in time. In a continuous 
system, the initial distribution is fed into the aggregator and 
compared to the product distribution. The parameters most 
commonly employed (Sastry and Fuerstenau, 1970; Halfon and 
Kaliaguine, 1976; Swift and Friedlander, 1964; Suzuki, 198 1 )  
to characterize the changes in crystal size distribution (CSD) 
are the total number of crystals, N n  the number of large crystals 
greater than some arbitrary size Lo, and the mass-weighted 
average size, G,,. Changes in these parameters were used in the 
present study to quantify the extent of aggregation. When 
aggregation occurs it would be expected that the total number of 
crystals would decrease, the number of large crystals would 
increase, and the mass-weighted average size would increase. 

The purpose of this study was to quantify the aggregation of 
CaOx crystals as a separate phenomenon from their nucleation 
and growth in order to better understand kidney stone forma- 
tion. Crystals of CaOx were nucleated from a synthetic urine 
solution in an intensely stirred mixed-suspension, mixed-prod- 
uct-removal (MSMPR) crystallizer and then aggregated in a 
Couette-flow aggregator. Crystal size distributions were ob- 

AIChE Journal July 1986 Vol. 32, No. 7 1177 



tained from each vessel using an in-line measuring device. The 
extent of aggregation was quantified by the change in total num- 
ber between the crystallizer and aggregator, ANnC-A)/NT(O, the 
change in number of large ( > I 5  pm) crystals, A q & / N T ( a ,  
and the change in the mass-weighted average size, A4,3(a-o/  
NT.lo. These parameters were normalized by the total number of 
crystals exiting the crystallizer to account for variations between 
experiments in the number of crystals entering the aggregator. 
Changes in aggregation were related to changes in the rpm of 
the aggregator spindle and to increases in the supersaturation 
level. The main advantages in this study of using a continuous 
system are: 

A reproducible distribution of fresh seed crystals can be 
generated in their own mother liquor, as in the kidney. 

The number-size distribution of the seed crystals can be 
quantitatively extrapolated below measurement size using the 
exponential form of the MSMPR distribution, thus facilitating 
kinetic modeling, which is presented in Part I1 of this study. 

Experimental 
A flow diagram of the experimental apparatus is shown in 

Figure 1 .  Calcium oxalate dihydrate crystals were precipitated 
in a synthetic urine solution (Gottung, 1983) in a MSMPR crys- 
tallizer similar to that described by Thorson (1979) and Kralje- 
vich (1981). The MSMPR crystallizer was maintained a t  37OC 
and had a residence time of 10 min. The annular volume in the 
aggregator was essentially equal to the crystallizer volume, thus 
giving an overall residence time through the system of about 20 
min. The initial concentrations, based on total feed volume, were 
6.0 mM calcium and 0.6 mM oxalate. This 10:l Ca/Ox ratio 
approximates the ratio of these ions i n  typical human urine. The 
CSD of the crystallizer closely approximated the expected 
exponential MSMPR distribution. 

The product of the crystallizer was passed through a Couette- 
flow aggregator. This aggregator consisted of two concentric 
cylinders with the inner cylinder rotating. The inside diameter 
of the outer cylinder was about 69.4 mm and the outer diameter 
of the rotating cylinder was about 51 mm, thus giving an annu- 
lar space of approximately 9.2 mm. Thus a t  a typical spindle 
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rotation speed of 80 rpm the average shear rate in  the annulus 
would be about 23 s-'. These levels are above the physiological 
rates of 3 to 5 s- '  estimated in small urinary tubules (Adair, 
1981). The CSD of both the aggregator and crystallizer was 
measured in-line using a PDI Electrozone/Celloscope particle 
counter equipped with a 150 pm orifice tube. The changes due to 
aggregation were quantified by comparison of the two distribu- 
tions. 

Two parameters that affected the degree of aggregation were 
the rpm of the inner cylinder and the concentration of oxalate in 
the aggregator. The rotational velocity of the inner cylinder was 
varied between 80 and 250 rpm, which changed the flow pat- 
terns in the annulus. The oxalate concentration was varied by 
addition of a low-volume stream of oxalate solution directly into 
the aggregator. The range of oxalate concentrations was from 
0.6 mM (with no oxalate addition) to 1.8 mM. These concentra- 
tions are expressed as equivalent oxalate concentration in the 
crystallizer feed, as though all oxalate were added a t  this point. 
Oxalate concentrations in the crystallizer and aggregator are, of 
course, dependent variables and cannot be set independently. 
The level of oxalate was expressed as an equivalent feed concen- 
tration for simplicity because no reliable oxalate analysis in 
urinelike liquors was available to the authors. 

Further details of the experimental apparatus and procedure 
are available in Gottung (1983). 

Results 
One indication of aggregation is the increase in the mass- 

weighted average size of the initial distribution. Figure 2 shows 
this increase for a typical run and clearly illustrates the shift of 
the whole distribution toward the larger sizes. This shift can be 
attributed to aggregation rather than growth since the total 
number of crystals was found to decrease in the aggregator com- 
pared to the crystallizer. A plot of the population density func- 
tion vs. the crystal size, as shown in Figure 3 for 80 rpm, also 
clearly shows aggregation. There are fewer small particles and 
more large particles in the aggregator distribution. This shows a 
classic aggregation pattern as the small particles stick together 
to form large particles. This shift in the distribution was found 

Feed A Feed B 
Cd '  Loaded O f  Loaded 

Liquor Liquor 
r I 

Mininucleator 

POI 
Particle 
Analyzer 

PI 

Couette-Flow 
Aggregator 

Figure 1. Diagram of mininucleator/aggregator apparatus. 
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Size, L, microns 
Figure 2. Comparison of typical volume distribution from crystallizer and aggregator. 

to change as the inner cylinder rpm and the aggregator super- 
saturation level changed. It is recognized that the shear flow 
field set up is not physiological; variable shear rates were used in 
this study to promote aggregation at  different rates and to study 
the tightness of bonding of the aggregated particles. 

RPM 
The control experiment performed at  0 rpm showed that no 

aggregation occurred in the absence of a shear field. In fact, it 
was found that the only changes in the distribution could be 
attributed to the settling out of larger crystals due to the lack of 
agitation in the apparatus. 

The aggregation parameters, AN~C-A)/NT((O,  A~&A..(o/ 
N,,, and AN(A-q/NT(q,  were found to vary as the rpm of the 
inner cylinder was changed. Variations in these parameters are 
shown in Figures 4-6. 

The change in total number of crystals between crystallizer 
and aggregator is shown in Figure 4. As the rpm increased to 
approximately 120, the number of crystals in the aggregator 
decreased, thus causing ANT(c-A, to increase. Above 120 rpm 
the difference between total crystal number, crystallizer minus 
agglomerator, was less pronounced. At all values of rpm, the 
total number in the aggregator was less than the total number in 
the crystallizer, indicating that some aggregation took place. 

The mass-weighted average size, ALz(A-O/NT(O, changed in 
a similar manner, as seen in Figure 5 .  The average size in the 
aggregator increased as the speed increased up to approximately 
150 rpm. Above this speed, the average size decreased from its 
maximum. 

Figure 6 shows how the change in the number of larger crys- 
tals (>15 pm) varied with rpm. The number of crystals larger 
than 15 pm was always greater in the aggregator distribution 
and the difference between aggregator and crystallizer in- 
creased steadily as the rpm increased. 

The normalized population densities, iV(A)(L)/NT(A),  for the 
aggregator distributions a t  the various rpm values are shown in 
Figure 7, showing how the actual distributions varied with the 

rpm. In general, the number of smaller crystals ( 5 - 9 p m )  
decreased steadily with rpm. At the same time, the number of 
crystals between 10 and 18 pm increased significantly as the 
rpm increased above 150 rpm. The number of the largest crys- 
tals increased with rpm a t  low rpm values, but then began to 
decrease as the rpm increased above 150 rpm. These changes 
caused a hump in the distribution between 10 and 18 pm at  the 
higher values of rpm. 
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Figure 3. Comparison of typical population density distri- 
butions from crystallizer and aggregator. 
Data for experimcnt 3/17 with population density expressed in size 
coordinates (no./ml . pm). 
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Figure4. Change in total number of crystals between 
crystallizer and aggregator, ANT(=-")/ Nr(a, vs. 
inner cylinder rpm of aggregator. 

Concentration 
Figures 8-10 show how the aggregator parameters varied as 

the oxalate concentration in the aggregator changed while the 
rpm was maintained a t  150. Although oxalate was added 
directly to the aggregator, the concentration is expressed as if an 
equivalent amount of oxalate were added to the crystallizer in 
the initial feed concentration. Oxalate was reported in this fash- 

I T 

- 5 '  I 

1 
1 I 

0 50 100 150 200 250 
R PM 

Figure 5. Change in mass-weighted average size be- 
tween aggregator and crystallizer, A&,A-a/ 
Nr(o, vs. inner cylinder rpm of aggregator. 
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Figure 6. Change in number of crystals greater than 15 
wm between aggregator and crystallizer, 
AN&)/Nr(c,, vs. inner cylinder rpm of aggre- 
gator. 

ion due to the lack of a simple and accurate oxalate assay in 
urinelike solutions. 

Figure 8 shows that the change in total number of crystals 
between the crystallizer and aggregator, ANT(c-A)/Nno, in- 
creased as the oxalate concentration increased. Hence, the total 
number of crystals in the aggregator decreased with increasing 
oxalate concentration. 

80 RPM 
0 I50 RPM 
A 200 RPM 

4 0  8 0  120 160 200 240 2 8 0  3 2 0  
Size (,urn) 

Figure 7. Effect of inner cylinder rpm on average relative 
number, &)/&(A), in the aggregator. 
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Figure& Change in total number of crystals between 
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oxalate concentration in the aggregator. 

The number of larger crystals, greater than 15 pm also 
decreased as the oxalate concentration increased, as shown in 
Figure 9. This is an apparent anomaly that might have been due 
to settling out or wall fouling by some of the large aggregates. 
The mass-weighted average size, however, increased with oxa- 
late concentration. This effect is shown in Figure 10. These 
results must be interpreted with some caution, however, as it 
was qualitatively observed that more large particles settled out, 
and consequently were not counted, a t  the higher concentra- 
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Figure 9. Change in number of crystals greater than 15 
pm between aggregator and crystallizer, 
AN$5c,/NT(cl, vs. oxalate concentration in the 
aggregator. 

4 

Expressed as Equivalent Initial Concentrotion 

Figure 10. Change in mass-weighted average size be- 
tween aggregator and crystallizer, A&,3,A-a/ 
NTtn, vs. oxalate concentration in the aggre- 
gator. 

tions. No measurement of the mass lost due to settling out was 
made. The relative change in the aggregator distributions at 
various oxalate concentrations is shown in Figure 1 1 .  In general, 
the number of particles a t  all sizes decreased as the oxalate con- 
centration increased. 

Several experiments were performed at  200 rpm and equiva- 
lent oxalate concentrations of 1 .O and 1.8 mM to determine the 
changes in disruption of aggregates. The results were qualita- 

0.0 ra 
0.60mM 

0 1.20 mM 
a 1.80 mM 

- 8.0 1 
-901 I I I I I I I 

4 0  8 0  120 160 200 2 4 0  2 8 0  3 2 0  
Size (prn) 

Figure 11. Effect of oxalate concentration in the aggre- 
gator on average relative number, Nul(L)/NT(A), 
in the aggregator. 
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tively the same as obtained for increased oxalate concentration 
experiments a t  150 rpm. The degree of disruption decreased as 
the oxalate concentration increased, with slightly higher levels 
of disruption than at  150 rpm. 

\ 
\ 

O4 t \ 
Total volume changes 

The experimentally determined aggregator and crystallizer 
distributions were integrated numerically from 5 to 30 pm to 
determine changes in total volume. These changes were then 
correlated with the changes in rpm and oxalate concentration. 

The change in total volume of crystals between the aggrega- 
tor and Crystallizer was expressed as AVT(A-a/ VT(o. This 
parameter is equivalent to the normalized change in total mass 
of crystals occurring in the aggregator. Figures 12 and 13 show 
the changes in total mass as the rpm and oxalate concentration 
were varied. 

Figure 12  indicates that the total mass of the aggregator dis- 
tribution increased as the rpm was increased. However, as the 
oxalate concentration increased, the total mass of the aggrega- 
tor distribution decrcased, as seen in Figure 13. 

Analysis and Discussion 

Couette-flow aggregator 
The effect of changing rpm on the flow field i n  the aggregator 

-0.4 1 -'\ 

6 
-06GI ' I  ' I  ' ' I  ' ' 

0 6  08 10 12 14 1.6 18 
[Ox1 (mM) 

Expressed as Equivolent lnitiol Concentration 

Figure 13. Change in total volume of crystals between 
aggregator and crystallizer, A Vr(A-c)/ Vr(=), vs. 
oxalate concentration in the aggregator. 
v, = L-i-'Q un(u) du. 

must be understood before the aggregation data can be fully 
This type Of flow has been studied in great 

and Taylor (1923)' It 
studied. The flow field can then be related to a dimensionless 
number, attributed to Taylor and given by the following expres- detail, by 'Ouette 

was found that the pure shear flow that existed for very low 
cylinder velocities became unstable as the rpm increased beyond 
a certain point. This critical point was found to depend also on 

sion: 

2?r RIi2 d3I2 

60 u N ( 1 )  the geometry of the apparatus and on the fluid system being T a = - -  

50 100 150 200 250 300 
RPM 

Instabilities appear initially as pairs of counterrotating vor- 
tices as shown in Figure 14. These vortices change their charac- 
teristics as the Taylor number is increased. Kataoka et al. 
(1975) separated the flow patterns into five distinct flow 
regimes, as given in Table 1. When Tu is approximately Ta,,  
the vortices remain quite distinct. However, as Ta increases they 

Outer 
Stationary 
Cylinder 
Inner  
Rotating 
Cylinder 

Figure 12. Change in total volume of crystals between 
aggregator and crystallizer, A Vr(A-cj/ Vr(c)g Vs. 
inner cylinder rprn. 
V ,  = 1-:-30 un(u) du. 

I 

Figure 14. Diagram of Couette-flow apparatus with axial 
distribution of Taylor vortices (after Kataoka 
et al., 1975). 
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Table 1. Flow Regimes for Rotational Couette Flow* 
~ ~~~~ ~~ 

1 .  Laminar Flow (Ta  < Ta,,) 
Pure shear flow 
Ta,, is point where flow becomes unstable 

Taylor vortices appear as stacks of toroids 
Pairs of vortices rotating in opposite directions resulting 

As Ta increases toward 800, oscillations in vortex 

3 .  Transition Flow (doubly periodic) (800 < Ta < 2,000) 

2. Laminar Vortex Flow (singly periodic) ( rum < Ta < 800) 

in inflow boundaries and outflow boundaries 

boundaries occur, appearing as axial traveling waves 

Oscillations in vortex boundaries occur in increasingly 
complex patterns as the vortices become increasingly 
unstable 

4. Turbulent Vortex Flow (2,000 < Tu < 10-15,000) 
Turbulent eddies visible within vortex structure 
Vortices beginning to break up 

Turbulent eddies dominate 
Some vortex structure still remains 

5. Turbulent Flow (Ta  > 15,000) 

*Kataoka et al. (1975) 

become increasingly unstable. In the laminar vortex region, 
singly periodic traveling waves exist that distort the boundaries 
of the vortices. These waves become more energetic as Tu 
approaches 800. Above this value, another oscillation appears 
that further distorts the vortex structure, with an increasing 
degree of oscillation in the vortex boundaries caused by several 
traveling waves. As Tu increases above 2,000, the energy of 
these oscillations is great enough to cause turbulent breakup 
within the vortices. Further increases in Tu result in greater 
dominance of turbulence over the vortex structure until the flow 
becomes purely turbulent a t  very high Tu. Excellent photo- 
graphs of these various flow patterns can be seen in Coles 
(1965). 

For a given system, the Taylor number is a linear function of 
the inner cylinder velocity. Figure 15 shows how Tu varies with 
rpm for the laboratory aggregator used in this study. The varia- 
tion of rpm between 80 and 250 causes a change in flow regimes 
from the doubly periodic flow to turbulent vortex flow, with the 
change occurring a t  about 150 rpm. This shift in flow corre- 
sponds quite closely to the point where the aggregation data 
(Figures 4 and 5) begin to change characteristics. That is, the 
hump in the distribution, as seen in Figure 7, becomes quite evi- 
dent a t  approximately 150 rpm. This suggests a change in the 
mechanism of aggregation as the rpm is increased. 

Mechanisms of Aggregation 
It is now possible to suggest a physical process to explain the 

aggregation of CaOx in the Couette-flow apparatus. At low 
inner cylinder velocities, the flow is in the doubly periodic 
regime. The flow patterns arc quite energetic and cause a high 
number of collisions of CaOx nuclei. The nuclei then stick 
together and appear as larger particles. This classical case of 
aggregation results in a decrease in the number of small crystals 
and an increase in the number of large crystals. This pattern was 
observed a t  80 to 120 rpm. 

As the rpm increases to 150 and above, turbulent eddies 
appear within the vortex structure. These turbulent eddies have 
enough energy to disrupt some of the aggregates, especially the 

4,000 

3,000 

d 
k- 2,000 

1,000 

0 
/ 

Figure 15. Flow regimes for Couette-flow aggregator 
where the Taylor number is defined by Eq. 1. 

larger ones, causing the number of very large crystals (22- 
30 pm) to decrease. The decrease in AL,3(A-o /NT(o  above 150 
rpm shown in Figure 5 indicates that disruption increased with 
rpm. The changes in ANT(c-A)/NT(q and AN&/NT~,  show 
that even though the number of small crystals decreased slight- 
ly, the total number of crystals increased with rpm above 150 
due to the increased production of medium-size crystals from 
the disruption of large crystals. This increased production of 
medium-size crystals resulted in a continuous increase of the 
number of crystals greater than 15 pm, as shown in Figure 6. 

Increasing aggregation and disruption rates can also explain 
the variation in the change in total volume between aggregator 
and crystallizer, as seen in Figure 12. Increased aggregation 
would bring more mass into the distribution from particles 
below the 5 pm measurement limit and increased disruption 
would prevent the loss of mass due to settling out of large 
(>30 pm) particles. Therefore, the total mass (or volume) in the 
aggregator distribution should increase with increasing rpm. 

This proposed mechanism of combined aggregation and rup- 
ture of CaOx crystals suggests that a t  these conditions, the 
aggregates are yet weakly bonded and are subject to disruption 
a t  the higher rpm’s and lower oxalate concentrations. In order 
for aggregation to occur, the flocculates must be cerncnted 
together. This can occur by increased crystal growth between 
the flocculated crystallites or by increased probability of par- 
ticles sticking together by altering the surface characteristics. 
The latter may be caused by changes in electrostatic repulsion 
and/or compression of the electrical double layer surrounding 
the crystal. The addition of oxalate ions to the aggregator would 
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cause all of the above to occur. Thus, an increase in oxalate con- 
centration would decrease the amount of disruption and increase 
the apparent aggregation rate. 

In  fact, less disruption and more aggregation was observed as 
the oxalate concentration in the aggregator was increased. The 
results shown in Figure 1 1  indicate quite clearly that the aggre- 
gation rate increased as the oxalate concentration increased. 
The disruption rate of the larger crystals was seen to decrease, as 
shown by the decreased number of all crystals, although this 
effect may be masked somewhat by an increased aggregation 
rate and an increased settling rate of the very large aggregates. 
These results can also be seen in Figure 13, where the total vol- 
ume in the aggregator distribution is shown to decrease as the 
oxalate concentration increases, due to the loss of large particles 
out of the observable size range and increased fouling on the 
aggregator walls. 

Conclusion 
An experimental technique that separated the effects of 

aggregation from nucleation and growth was employed to study 
the aggregation of calcium oxalate  crystals. This technique has 
general application to the study of aggregation phenomena in 
other crystal systems. 

A MSMPR crystallizer was used to feed a known distribution 
of CaOx crystals into a Couette-flow aggregator. The resulting 
change in the crystal size distribution due to the aggregation 
process was studied as a function of inner cylinder rpm and oxa- 
late concentration in the aggregator. Varying the inner cylinder 
rpm changed the flow patterns in the aggregator annulus, which 
in turn changed the collision rate of crystals. Increasing the 
oxalate concentration increased the supersaturation in the ag- 
gregator and served to change the growth rate and binding 
forces of the colliding crystals. Both parameters had a pro- 
nounced effect on the aggregation rate. 

Increasing the inner cylinder rpm from 80 to 250 rpm 
affected the aggregation rate of crystals to a small degree as 
seen by decreases in the number of smaller crystals (5-1 2 pm) 
and increases in the number of larger crystals ( 1  5-30 pm). As 
the rpm was increased above 150, the disruption of large (22- 
30 pm) crystals also increased, as evidenced by a decrease in the 
number of these large crystals along with an increase in mid-size 
crystals (12-20 pm). The majority of the changes in aggregator 
CSD caused by changing rpm could be explained by changes in 
disruption rates of aggregates. This increase in disruption rate 
beginning at  approximately 150 rpm correlated well with the 
onset of turbulence in the flow field of the Couette-flow aggre- 
gator. 

An increase in oxalate concentration in the aggregator from 
0.6 to 1.8 mM (concentrations based on equivalent initial con- 
centration) also resulted in increased aggregation. In this case, 
the increased physical attraction of the crystals a t  higher oxa- 
late levels increased the aggregation rate. It was also found that 
the increased binding forces also decreased the disruption rate of 
aggregates. This decreased disruption rate indicates that more 
tightly bound aggregates were formed at  higher Ox concentra- 
tions. 

Solution of the population balance equation with various 
models of aggregation and disruption would aid in confirming 
the mechanisms that control the change in size distribution of 
CaOx crystals in the Couette-flow aggregator. Computer mod- 

eling of these data using the general population balance equa- 
tion is presented in Part TI. 
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Notation 
d = annulus width of Couette-flow aggregator, cm 
L = crystal size, pm 

AG,3(A-C1 = change in mass-weighted average size between aggregator 

n ( L )  = population density distribution function, no./mL . pm 

N,,,(L) = number of crystals in aggregator distribution, no./mL 
AN&L:, = change in number of crystals greater than some size Lo 

between aggregator and crystallizer, no./mL 
AN,(,-,, = change in total number of crystals between crystallizer and 

aggregator, no./mL 
R, = inner cylinder radius of Couette-flow aggregator, cm 
Ta = dimensionless Taylor number 

AV,(,-, = changes in total volume of crystals between 5 and 30 pm 

and crystallizer, pm 

N = revolutions per minute 

between aggregator and crystallizer, mL/mL 
u = kinematic viscosity, cm2/min 
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