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Measurements of the tangential and axial ®elocities near the prism faces of a rotating
mock crystal mounted on a rotating platform are presented. These measurements were
made using molecular tagging ®elocimetry and are significant to the rapid growth of
KDP crystals because they pro®ide a description of the flow field and the e®olution of
the relati®e tangential and axial ®elocities near the prism faces and in the bulk flow
region. These data represent the first measurements of fluid ®elocities around rotating
crystal geometries, and thus pro®ide a benchmark for future computer simulations of the
crystal growth process at higher Re than pre®iously obtainable. The measurements pro-
®ide a temporal and spatial description of the e®ol®ing ®elocity field in the ®icinity of a
rotating crystal. Rotational conditions and locations on the prism faces where low shear
rates are likely to occur, based on the measurements presented, are discussed qualita-
ti®ely.

Introduction

It long has been recognized that both hydrodynamic be-
havior and kinetic phenomena are important in the growth
process of single crystals from solution, and excellent reviews

Žof these two areas have appeared in the literature Chernov,
.1974; Wilcox, 1983 . Although there has been significant in-

terest in quantifying the hydrodynamic behavior, a detailed
understanding of the fluid dynamics associated with the
growth process is lacking because spatially resolved measure-
ments of the velocity field for such flows have not previously
appeared. Measurements of the velocity field are critical,
however, if the effects of changing parameters that alter the

Žfluid dynamics that is, rotation rate, acceleration rate, con-
.tainer size, etc. on the growth process are to be well under-

stood.
Due to their interesting nonlinear electrical and optical

Ž .properties, KH PO KDP and its isomorphs have recently2 4
Žbeen the subject of a wide variety of investigations De Yoreo

. Ž .et al., 1996 . KDP and its deuterated analog KD PO DKDP2 4
are widely used to control the parameters of laser light such
as pulse length, polarization, and frequency through the first-

Ž .and second-order electrooptic effects Nye, 1985 . For the
development of large laser systems, such as the National Igni-

Ž .tion Facility NIF , many large KDP and DKDP crystals are
Ž 3.required up to 50=50=50 cm for use as frequency con-

verters and optical switches. Efficient operation of such de-
vices also requires crystals with a high degree of perfection.

The focus of the present experimental work is to study the
fluid mechanics associated with the rapid growth process for
single crystals of KDP currently under investigation at

Ž .Lawrence Livermore National Laboratory LLNL . Because
the growth rates obtained with rapid growth are about an
order of magnitude greater than for traditional growth meth-
ods, understanding the fluid dynamical behavior is signifi-
cantly more important. Rapid crystal growth differs from tra-
ditional diffusion-based processes by maintaining the solu-
tion at higher supersaturation levels and by the use of forced
convection to enhance mass transport to the crystal. This ap-
proach is similar to the accelerated crucible rotation tech-

Ž . Ž .nique ACRT suggested by Scheel Schulz-Dubois, 1971 . At
LLNL growth rates of 10]20 mmrday have been realized in

Ž . Ž .both large ;1000 L and small ;20 L crystal-growth tanks
where KDP crystals of approximate size 50=50=50 cm and

Ž .17=17=17 cm have been grown Zaiteseva, 1997 .
The flow field associated with the rapid growth of KDP

crystals is unsteady, turbulent, and three-dimensional. It is
generated by the rotation of a crystal, mounted on a plat-
form, in a tank of solution. Stirring of the solution is accom-
plished by a periodic and reversing rotation schedule where
subsequent reversals of direction are separated by a short time
with no rotation. For each reversal of direction there exists a
period of acceleration where the angular rotation rate is in-
creasing, a period of constant rotation rate, and a period of
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deceleration when the crystal comes to rest prior to reversal
of direction. A typical rotation schedule in a 20-L tank would

Ž .be a rotation rate of 1 rps 60 rpm with an acceleration of 1
2 Ž 2.rps 3600 rpm , and a period of 13 before reversal. The

crystal is rotated and reversed periodically to cause agitation,
and a time-averaged flow pattern that is similar for all faces
of the crystal. Other methods of creating a time-averaged flow

Žpattern with the crystal stationary that is, an oscillating uni-
.form flow would not result in all faces of the crystal subject

to the same hydrodynamics.
Such flow fields, although exhibiting some similarity, are

significantly different from the commonly studied stirred-mix-
ing-tank flows. One primary difference is that stirred mixing
tanks operate primarily in a unidirectional environment
Ž . Ž .Tatterson, 1991 the impeller does not reverse direction ,
whereas reversal of direction by the rotating crystal is funda-
mental to the crystal growth process. Also of note is that the

Žgeometries of typical mixing impellers are much simpler Wu
.and Patterson, 1989 than the combination of crystal and sup-

Ž .port platform studied here Figure 1 . The most commonly
studied mixing impellers are the six-bladed Rushton turbine

Žand the pitched-blade Rushton turbine Rutherford et al.,
.1996 . Other impeller designs are also commonly studied, but

the dimensions of most all impellers that appear in the litera-
ture, with regards to the ratios of impeller diameter to tank
diameter and impeller blade height to tank diameter, are
similar to those for the Rushton turbine. These ratios are
typically between two and three with regards to impeller di-
ameter and about 10 with regards to the blade height
Ž .Bertrand et al., 1980; Zhou and Kresta, 1996 . Because of
these major distinctions, other than general features of the

Žflow fields that is, establishment of secondary flows, exis-
.tence of separated regions, etc. , comparisons with velocity-

field data from mixing-tank studies are of little value.
Previous efforts to characterize the flow field associated

with solution crystal growth have used either a theoretical,
computational, or experimental approach. Many of the early
efforts were of a theoretical nature. With regards to solution
hydrodynamics, these approaches by necessity assume simpli-
fied flow behavior. Often two-dimensional models or order-
of-magnitude analysis was utilized, providing general descrip-
tions of flow-field patterns or assuming a velocity distribution
for mass-transport analysis. However, these models lack de-
tail of real three-dimensional flow-field behavior.

With dramatic advances in computational resources, com-
puter simulations of three-dimensional and unsteady flow
field are now becoming possible. Recently Derby and
coworkers have successfully employed a computational ap-
proach enabling them to compute the time-varying flow field

Žover 1 cycle for a rotating KDP crystal in solution Zhou and
.Derby, 1997; Yeckel et al., 1998 . This work is significant be-

cause it represents the first three-dimensional computational
results over an entire tank volume. However, these results

Ž .are limited to a Reynolds number Re , based on a tank ra-
dius of 1.2 = 103, and experimental validation of the results
has not occurred. In typical small-scale solution-growth tanks,
the Reynolds number for rapid crystal growth is typically of
the order 7=104, or some 60 times larger than the largest Re
at which computations have been performed. In large-scale
crystal-growth tanks the Reynolds number may approach 1=
106. Consequently, when considering rapid crystal growth,

Figure 1. Top and side views of the flow facility and
mock crystal on the support platform.
All relevant dimensions are shown in addition to the loca-
tions where velocity profiles were obtained.

computer limitations thus far prohibit dynamically similar
simulations of the crystal-growth process.

Most previous experimental studies employed flow visual-
ization to characterize the flow field for solution growth
Ž .Bordui and Motakef, 1989; Rashkovich and Shekunov, 1990 .
Such studies can give a three-dimensional picture of the flow
field in a plane and thus provide valuable qualitative infor-
mation. For typical studies, visualization is obtained in a lab-
oratory reference frame. Consequently, for solution growth
where the crystal is rotated, relating the observed flow field
to a reference frame with respect to the crystal is quite diffi-
cult. Since it is the fluid velocity relative to the crystal that is
important with regards to transport phenomena, the use of
flow visualization alone is inadequate in quantifying flow-field
behavior with respect to a rotating crystal.

ŽIn recent experimental studies Maynes et al., 1997; Maynes
.et al., 1998 hydrodynamic scaling relations describing scale-
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up from small to large tanks and the mixing dynamics associ-
ated with small and large crystals were presented. These
studies focused on the evolution of global-flow features
Ž .torque and tangential velocity fluctuations in the bulk flow ,
but did not address spatial variations in the flow field. For
rapid crystal growth these scalings are useful because they
indicate how the turbulence level and transport of momen-
tum scale with time, acceleration, rotation rate, crystal size,
and tank size. They also provide information on how to main-
tain comparable mixing dynamics when scaling up from small
to large crystals and from small to large tanks. Specifically,
the data showed that regarding the temporal evolution of the
flow field from startup, or upon reversal of direction, three
distinct temporal regimes exist. The first regime was referred
to as the buildup regime, where both the velocity fluctuations
and torque remain approximately constant. In this regime,
the crystal has no knowledge of the tank boundaries. In the
second regime, referred to as the decay regime, the velocity
fluctuations and torque decay with power-law relations as the
effects of tank geometry impact. The final regime is steady
state where the torque and velocity fluctuations level off to a
mean level.

These previous studies are important with regards to main-
taining a globally well-mixed solution; however, they do not
address the behavior of the fluid velocity with respect to the
rotating crystal. Spatially resolved velocity information near
the rotating crystal surfaces is critical, however, with regards
to the quality of the crystal surfaces. A common problem that
is affected by the solution hydrodynamics is the formation of

Ž .solute inclusions during growth Zhou and Derby, 1997 .
Ž .Studies by Bordui Bordui and Motakef, 1989 and Janssen-
Žvan Rosmalen et al. Janssen-van Rosamalen and Bennema,

.1977 have noted that there is some correlation between the
generation of inclusions with the solutions hydrodynamics for
KDP growth. Others have noted that the form of the fluid-
velocity direction next to a crystal is important with regards
to macrostep formation and stability. For example, stability
analysis by Coriell et al., focusing on macrostep generation
parallel to fluid motion has indicated that the magnitude and
direction of the velocity gradient relative to the direction of
step propagation on the vicinal surfaces can either promote

Ž .or inhibit macrostep formation Coriell et al., 1998 . Related
studies by Potapenko also show lateral perturbations of prop-
agating macrosteps can be unstable to certain flow conditions

Ž .dependent upon the velocity gradient Potapenko, 1996 . Both
of these studies assumed steady-state flow, and no present
theory addresses fluctuating transient flows. However, under-
standing of the velocity field near the crystal surface in addi-
tion to the global flow features is necessary and in due course
should lead to better control of the growth process.

The experimental approach for the present study utilized a
novel velocity measurement technique that allows quantifica-
tion of fluid-velocity profiles next to a rotating crystal. Mea-
surements of velocity profiles near the prism faces of a mock
crystal were obtained using a technique called molecular tag-

Ž .ging velocimetry MTV . Utilization of MTV provides time-
Žresolved measurements of either tangential, V, or axial along

.the axis of rotation , W, velocity profiles in a fixed plane of
the flow field. These provide the first spatially resolved mea-
surements of velocity profiles near the prismatic surfaces of a
rotating crystal, and velocity gradients along the profiles can

Figure 2. Mock crystal rotating relative to an MTV line.

be obtained. This article reports on these velocity measure-
ments, describes the transient flow field, and discusses their
relevance to the rapid crystal-growth process.

Methodology
Experimental setup

Experiments were conducted in a flow facility of height, H,
0.254 m and diameter, D, 0.219 m; these dimensions match
those of an actual 20-L crystal-growth tank employed at
LLNL. The liquid used for the investigation was distilled wa-
ter at 208C. A variable-speed computer-controlled motor lo-
cated directly above the tank connects to a shaft providing
rotation to the mock crystals and support platform. The char-
acteristic length, L, of the crystal is taken to be the distance
from the center to a corner, or Ls fr21r2, where if is the
prism-face length. The height of the prism face is denoted by
h, and the height of the pyramid cap is p. A mock crystal
mounted on a Plexiglas platform in a tank is shown in Figure
1.

Tangential and axial velocity measurements were con-
ducted at three vertical locations for a mock crystal with a
prism face length of 0.08 m, height of 0.08 m, and a 0.04-m-tall
pyramidal cap. The measurements resulted in a set of time
series of the instantaneous velocity profiles obtained at 60 Hz
and at the locations shown in Figure 2. These locations were

Ž U .0.01 m above the support platform z s zrhs0.125 , at
Ž U .midheight on the prism face z s0.5 , and at 0.01 m below

Ž U .the top of the prism face z s0.875 . At each of these loca-
Žtions rotation rates varying from 0.2 rps to 1.5 rps 12 rpm to

. 2 Ž90 rpm and acceleration rates of 0.01, 0.1, and 1.0 rps 36,
2.360 and 3,600 rpm were investigated.

Molecular tagging ©elocimetry
A relatively new technique, called molecular tagging ve-

locimetry, or MTV, was used for the measurement of the tan-
gential and axial velocity profiles. The technique is termed

March 2000 Vol. 46, No. 3 AIChE Journal452



MTV following the suggestion of Gendrich and Koochesfa-
Ž . Žhani 1996 formerly it was called laser-induced photochemi-

.cal anemometry, or LIPA . This technique has evolved from
the first fluid-mechanic applications of light-sensitive chemi-

Ž .cals in 1962 Miller, 1962 to a powerful velocity measure-
ment tool with contributions and improvements by a number
of researchers. MTV conceptually and in practice is straight-
forward. The flow field of interest is first doped with a small
concentration of photochemical. For this experimental pro-

Žgram the photoluminescent chemical 1-BrNp ?Gb-CD ?ROH
. Ž .ternary complex , developed by Ponce et al. 1993 , was used.

Using a Xybion ISG-250 camera, this chemical has an image-
able phosphorescent ‘‘lifetime’’ of about 12 ms.

Velocity profiles are obtained by comparison of phospho-
rescent lines deformed by fluid motion with lines exhibiting
no deformation. The optical configuration used to generate
the phosphorescent lines involves dividing the UV laser beam
into a series of approximately parallel lines. These lines are
directed into an area of interest in the flow field perpendicu-
lar to the component of velocity to be measured. The laser
fires, exciting the photochemical along the lines. The lines
deform as the fluid flows, and after a few milliseconds a syn-
chronized CCD camera shutters, capturing the deformed lines
on video. The distance that each point along a line deforms is
measured by comparing the undeformed and deformed lines.
The velocity component normal to a line can be calculated by
V fD xrD t, where D x is the distance between deformed and
undeformed lines and D t is the time between the laser pulse
and the time the camera shutters.

The velocity can be computed as just described for each
pixel along the set of laser lines. The result is a set of instan-
taneous velocity profiles for each frame recorded by the cam-
era. A single MTV line was used for the tangential and
axial-velocity profile measurements presented here. For the
present measurements a single camera system was employed.
Thus, the axial and tangential velocities were not obtained
simultaneously, but during separate experiments with identi-
cal conditions and line location. Errors in locating the line
centers using the image analysis algorithms are typically on

Žthe order of 0.3 pixel for instantaneous velocities Hill and
.Klewicki, 1996 . This corresponds to an error in the velocity

y3 Ž .measurements of about 5=10 0.5 cmrs , and this is also
the minimum velocity that can be resolved with the present
setup. The spatial resolution for measurements in the tank
was about 9.5=10y5 mrpixel for all results, and the time de-
lay between the laser pulse and camera shutter was typically
about 5 ms. The radial length of the MTV profiles was about
0.025 m.

The line technique is susceptible to additional errors due
to the radial velocity parallel to the MTV line for both the
axial and tangential velocity measurements. This error results
from the inability to identify and track unique fluid elements.
For example, the tangential velocity is V s RDurD t, where Ru

is the radial location from the center, Du is the change in
angular position, and D t is the time delay between deformed
and undeformed line acquisition. The measured velocity may
deviate from this value due to motion parallel to the line. For
example, flow outward from the center may cause a larger or
smaller observed difference in angular location, dependent
on the local gradient of tangential velocity with radial loca-
tion. Hill and Klewicki showed that the error in measuring

the component of velocity normal to an MTV line, u, is Dus
Ž .Ž .uD t ®ru ­ ur­ y , where ® is the velocity parallel to the line

and y is the coordinate along the line direction. Thus the
errors in determining the tangential and axial velocities are

Ž . Ž .D V r V s D t V r V ­ V r­ r a n d D V r V su u r u u z z
Ž .Ž .D t V rV ­ V r­ r , respectively. Clearly the error in the mea-r z z

surement approaches zero as the time delay approaches zero,
although some D t is required for the line comparison. The
error also decreases as the radial velocity approaches zero
and as the gradient of the velocity with respect to r ap-
proaches zero. The error will be a maximum when the radial
velocity and the gradient velocity component of interest are
maximums. The data show that this occurs in the regions of
large-velocity gradients next to the prism faces of the rotating
crystal. In these regions the radial component will be of simi-
lar magnitude as the other two components, and with the
exception of the first 1r8 revolution, the largest observed gra-
dients of V and V with respect to r are about 15rs. Asu z
rotation continues to steady state the largest observed gradi-
ents are about 3]4rs. The maximum error due to flow paral-
lel to the MTV line is thus 7.5% during early time and about
2% at steady state.

Figure 2 is useful in discussing one of the difficulties asso-
ciated with making velocity measurements for rotating body
flows. Because the crystal is rotating relative to a stationary
MTV line, the length of the line varies due to the crystal
geometry. At u s08 the MTV line extends to the crystal cor-
ner, a distance of L from the center of the crystal. As the
crystal rotates to u s458, however, the MTV line terminates
at the middle of a prism face, a distance of Lr21r2 to the
center of the crystal. Recall that L is the distance from the
center of the crystal to a prism corner in a horizontal plane.
The currently used image-analysis algorithm recognizes when
the line has terminated at a surface. Thus for each image
recorded, and as rotation occurs, the length of the MTV line
varies and extends from the moving crystal surface to the ex-
tent of the camera view as shown in Figure 2.

The resulting data set is a collection of instantaneous ve-
Žlocity profiles of different lengths corresponding to crystal

.position separated by 1r60 s. From these velocity profiles,
time series of the velocity component of interest can be gen-
erated at 60 Hz for any fixed point beyond the extent of the
crystal corner. In the region between u s08 and u s908, ve-
locity data are obtained at all points before the MTV line
terminates at the surface. One advantage that MTV has over
point-measurement methods including Laser Doppler Ve-

Ž .locimetry LDV is that data are obtained for each image
regardless of where the MTV line terminates at the surface.
The use of LDV or a similar method in the region between
fr2 and L results in data at a fixed point only when there is
no obstruction of one of the laser beams by the rotating crys-
tal.

Because the MTV line is fixed in laboratory coordinates
and the crystal is rotating, the tangential velocities are mea-
sured with respect to the laboratory frame and not with re-
spect to the rotating crystal. Subtraction of the quantity V r
ŽV is the angular rotation rate, and r is distance from the

.center of rotation from each corresponding tangential veloc-
ity profile results in velocity profiles that are relative to the
rotating crystal. Measurement of the axial velocity profiles in
the laboratory reference frame are unchanged when trans-
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forming to a reference frame fixed on the crystal, since there
is no crystal motion in the axial direction.

Results
Selected representative measurements of the tangential and

axial velocities at zU s0.125, zU s0.5, and zU s0.875 will be
presented. The clockwise direction is taken as positive for the
tangential velocity, and upward away from the platform is
taken as positive for the axial velocity data.

Steady-state ©elocity profiles
A representative sample of averaged steady-state tangen-

tial and axial velocity profiles are shown in Figures 3 and 4.
Ž 2 .For these data the Reynolds number Res v L rn was 1.51

=104 and the rotation direction was clockwise. Mean pro-
files were computed by ensemble averaging, over 30 ensem-
bles, the obtained velocity profiles every revolution. This was
done for several angular locations from u s08 to u s908,
where u s08 corresponds to the point when the MTV line

Ž .terminates at the crystal corner see Figure 2 and u s458
corresponds to the point when the MTV line terminates at
the middle of the prism.

Tangential Velocity Beha®ior. Figure 3a plots the normal-
ized tangential velocity, with respect to the rotating crystal,

U Ž . Ž . U Ž . Ž . UV s V yV r V L vs. r s r y f r Ly f for z s0.875,u c r
and at angular locations of u s0, 9, 27, 45, 63, and 818. The

Ž . Ž . Unormalized radial coordinate is r y f r Ly f , so that r s0
at the prism face and rU s1 corresponds to the crystal cor-
ner. Recall that f is the prism face length. Shown in Figure
3b and 3c is V U vs. rU for the same six angular locations, butu c

U Ž . U Ž .at z s0.5 Figure 3b and z s0.125 Figure 3c . Positive
values of V U indicate fluid motion clockwise with respect tou c
the crystal, and negative values indicate counterclockwise
motion. The rotation direction for all data presented here
was clockwise unless otherwise specified. The data of Figure
3a show that at zU s0.875 a pronounced recirculation region
exists for u )0. This is illustrated by the double inflectional
profiles in the V U data. For example, for the u s458 case,u c

U Ž U .V is zero at the crystal surface r s0 and decreases tou c
V U fy0.1 at rU f0.1. Then V U increases to about 0.1 atu c u c
rU f0.65, and then decreases again over the remainder of
the rU region investigated. This behavior is quite similar for
the u s278, 458, 638, and 818 data, with the only variation
being the rU position, where V U changes direction. This vari-
ation in this rU location results because of the rotation of the
crystal relative to the MTV line. Note that in the region be-

Ž U .yond the crystal corner passage point r G1.0 that the mag-
nitude and direction of V U for all of these cases is similar.u c
The u s98 degree data are different from the other nonzero
cases. The difference is that the velocity profile does not ex-
hibit a double inflection. This indicates that the inner recir-
culation region does not extend over the entire portion of the
prism face, but extends to a u location somewhere between
u s98 and 278. At u s08 the tangential velocity is about zero

Ž U .for the entire measurement region 1.0F r F1.6 and differs
significantly from the u s98 and 818 data. This suggests that
large gradients in the tangential velocity with respect to angu-

Ž .lar position ­ V r­u exist at angular locations near the cor-u c
ners. Note that the profile terminates at rU s1, where V U

u c
goes to zero at the corner.

Figure 3. Average VU steady-state profiles at angularu c
locations of 08, 98, 278, 458, 638, and 818, and
at the three measurement locations.
Ž . Ž U . Ž .a 0.01 m above the platform z s 0.125 ; b crystal mid-

Ž U . Ž . Ž U .height z s 0.5 ; and c 0.01 m z s 0.875 below the top
of the prism face.

U U Ž .The V data at z s0.5 Figure 3b differs from the datau c
at zU s0.875 in that the velocity profiles do not exhibit the
double inflectional behavior described earlier. For all of the
nonzero cases, in the rU -1.0 region, V U is positive and rela-u c
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Figure 4. Average WU steady-state profiles at angular
locations of 08, 98, 278, 458, 638, and 818, and
at the three measurement locations.
Ž . U Ž . U Ž . Ua z s 0.125; b z s 0.5; c z s 0.875.

tively constant until just prior to a decrease to zero in a
Ž Uboundary layer adjacent to the surface. In this region 0- r

.F1.0 the relative tangential velocity is similar in magnitude
for all cases and is approximately 5% of V L until rU f0.8.
At this point V U decreases for all nonzero cases in a similaru c
manner and with similar magnitude. The u s08 data behave

similarly, but with smaller magnitude. The data indicate that
­ V r­u is small for all u except near the passage of the crys-u c
tal corner. The data also show that with respect to the crys-
tal, the velocity direction for rU G1.0 is negative or counter-
clockwise.

U Ž .The V data near the bottom of the crystal Figure 3cu c
show slightly different behavior than at zU s0.5. At this posi-
tion the u s278, 458, 638, and 818 cases are almost identical,
with the exception simply being the location on the prism
face where the MTV line terminates. For rU )0.6 and these
u locations, the value of V U decreases from 0 to about y0.2u c
at rU f1.6. At rU -0.6 V U increases linearly until a maxi-u c
mum is reached, where it decreases to zero in the wall
boundary layer as shown in the figure. The u s08 data differ
from these cases just as they did at the midplane location.
The u s98 case also differs at this location, primarily for 0.6
F rU F1.5, where the value of V U is between that for theu c
u s08 data and the other four cases. Recall that u s98 corre-
sponds to the position just after the corner has passed the
MTV line.

Axial Velocity Beha®ior. The axial flow data at both zU s
0.5 and zU s0.875 behave quite similarly. This is shown in
Figure 4a and 4b. The primary difference between profiles is
the location where the profile ends at the crystal, and the
magnitude attained. At almost all u , W U is negative, toward
the platform, for rU -1.0 and positive, away from the plat-
form, for rU )1.0. At zU s0.875 the largest downward veloc-
ity occurs at 458 and is about 15% of the V L. At zU s0.5,
the largest downward velocity occurs at 278, or closer to the
crystal corner. The data clearly indicate that all motion to-

Ž U .ward the platform occurs close to the prism faces r F1.0 .
Interestingly, the behavior of W U at zU s0.125 is upward

at all rU, although the magnitude is significantly smaller. Also
the W U data at this location exhibit more fluctuation for a
given profile. Measurements of both the tangential and the
axial velocity rms were significantly higher at this zU than at
the other zU locations. Because W U is upward at this loca-
tion, it is evidence that a vertical recirculation region exists.
This recirculation region exists because the downward flow is
decelerated by the platform base below the crystal. Conse-
quently, it would be expected that the axial velocity profiles
would be less well behaved in this region.

Note from Figure 1 that the platform has vertical support
bars radially outward from two of the crystal corners in addi-
tion to a horizontal support bar connecting the vertical bars.
The data of Figures 3 and 4 correspond to the prism face
prior to the support bar. Measurements next to the face after
the support bar show that the magnitude of the maximum
velocity in the rU F1.0 region is about 25% greater both for
the V U data and the W U data. Aside from this difference theu c
behavior of the data is similar for all u and all three vertical
measurement locations.

E©olution dynamics after after startup or re©ersal
Evolution of the flow field from startup will now be dis-

cussed. Presented in Figure 5 are measurements of the nor-
Ž U Ž Ž . . .malized instantaneous tangential V s V t y V r rV Lu c f

Ž . Ž U Ž . . Ž .Figure 5a and axial W sW t rV L Figure 5b velocitiesf
as a function of time, at two radial locations and at the zU s
0.125 position. The final rotation rate is represented by V .f

March 2000 Vol. 46, No. 3AIChE Journal 455



( )Figure 5. Temporal evolution of a the crystal refer-
U ( )ence frame tangential velocity, V , and b ve-u c

locity, WU, near the crystal surface and at rU

s1.12 beyond the crystal corner.
The data correspond to zU s0.125, v s 0.75 rps, and a s1.0
rps2, and covers two periods including the discontinuation
of rotation at 27.5 s and reversal of direction at 28.5 s.

The data represent two time series with subsequent values
separated by 1r60 of a second. Although at first it may ap-
pear that there is a lot of noise in the transient measure-
ments, the fluctuations in the velocity field represent real be-
havior and the measurements are very repeatable. The large
variations correspond to the fluid motion caused by the pas-
sage of crystal corners past the MTV line location. The first
measurement location was at a fixed laboratory angular posi-
tion and at a fixed distance relative to the crystal surface of

Ž .about 10 pixels ;0.7 mm . The second location is at the
same angular position, but at a fixed radial position of 30

Ž .pixels ;2 mm beyond the extent of the crystal corner, r s
Ž U .Lq2 mm r f1.12 . Because at the first location the dis-

tance relative to the crystal is fixed, the actual measurement
location varies radially as the crystal rotates, so that the ve-
locity data do not correspond to a fixed point in space, but
correspond to a fixed distance from the rotating mock crystal.

The Reynolds number and nondimensional acceleration
Ž U 2 . 4rate a s arV were 1.5=10 and 1.8, respectively. The
Ž .figure Figure 5a shows that near the crystal surface the flow

direction is generally positive with respect to the crystal and

at rU f1.12 the direction is generally negative. After the first
5 s or 3.5 revolutions, tU, V U changes very little in magni-u c
tude, in an average sense, next to the crystal surface. After 10
Ž U . U Us t f7 , V at r f1.12 also exhibits little change in anu c

average sense. At all locations, the magnitude of V U is theu c
largest during the first 10 s and large fluctuations are preva-
lent. It is a maximum after about 0.5 s, and decreases as the
fluid is spun up to the speed of the crystal. Some regular
periodicity in the data is observed above ts10 s.

Ž U .At ts27.5 s t s20 rotation is stopped, the crystal re-
mains stationary for 1 s, and then reverses direction. When

U Žthe crystal stops V attains its largest magnitude 2.0 nearu c
.the crystal surface and exhibits large variation in magnitude

and direction during the rest period. Upon reversal of direc-
tion, the behavior is similar to the behavior after startup, ex-
cept the magnitude of V U at rU f1.12 is larger for the firstu c
10 s than during the initial period. After reversal of motion
the behavior is markedly similar to the evolution after startup
in an initially quiescent fluid. Indeed subsequent reversals ex-
hibit similar behavior as that shown for the first reversal.

The behavior and evolution of W U is markedly different
from V U and is described. Immediately after startup W U ex-u c
hibits fluctuations in magnitude between y0.3 and 0.4, both
near the crystal surface and at rU f1.12, and the behavior is
similar at both locations. During this initial period, the data
show fluctuation between positive and negative values. When
considering the instantaneous velocity behavior, for t-7 s,
the direction is downward after the passage of each corner
Ž .the leeside of the corner , but positive just prior to the next
corner. Negative axial flow is induced by the low-pressure re-
gion on the leeside of the corner and positive flow is caused
by the next corner acting to push fluid out of its way. In an

Ž .average sense average over the crystal surface the flow di-
Ž .rection is negative downward , as shown by a least-squares

fit of the near surface data covering the initial period. Note
that in a average sense the maximum downward velocity is

Ž U . Uattained at about t s3.5 s t f1.6 , where W fy0.2.
Ž U . UAbove tf7 s t f5 the curvie fit of the W data remain

positive at a value close to 0.08 until rotation ceases, at which
point large fluctuations again occur. Upon reversal of direc-
tion by the crystal, the evolution of the W U data is similar to
the evolution for the initial period, with two distinct differ-
ences. The first difference is that in an average sense W U

reaches a maximum magnitude of about y0.3, or 50% higher
than for the initial period. The second difference is that after
the fluctuations have decreased the average of W U near the
crystal surface is upward as for the initial period, but is ap-
proximately zero at the location beyond the crystal corner.
This is indicative of a vertical separated flow zone that exists
near the junction of the prism faces with the horizontal plat-
form. Subsequent reversals exhibit very similar behavior to
the post reversal data of Figure 5b. It is interesting to point
out that in an average sense, regardless of the direction of
rotation or the rotation rate, W U decrease to a maximum
downward value close to y0.3 at tU f1.5 and this zU. For
larger tU, W U increases to a relatively constant value. For
the data of Figure 5b this value is upward near the crystal,
whereas at zU s0.5 and zU s0.875 the direction is down-
ward.

Although the tangential velocity changes direction with
each reversal, and thus relative motion between the crystal
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U U ( )Figure 6. Evolution of V vs. t a near the surface ofu c
( ) Uthe rotating crystal and b at r s1.12 cm for

vertical locations of zU s0.125 zU s0.5, and
zU s0.875.

and the fluid reverses with each reversal, the axial velocity
does not reverse direction with each reversal, but on average
is downward after each reversal of direction. The fluctuations
in both V U and W U result due to the nature of turbulentu c
flow and the periodicity of the passing crystal corners. Mea-
surements with Re varying from 4=103 to 3=104 with aU s
1.8 exhibited similar temporal behavior as shown in Figures
5a and 5b. The values of V U and W U over this range of Reu c
were almost identical to the data of Figures 5a and 5b for the
entire rotation period.

Spatial ©ariation in V U and W U
u c

Variations in the evolving V U and W U data with verticalu c
and radial position are now addressed. Figure 6 presents a
time series of the V U data corresponding to the zU s0.875u c
measurement location, at a radial position fixed at 2 mm from

Ž .the crystal surface Figure 6a , and at the fixed radial loca-
U Ž .tion of r s1.12 Figure 6b . Also shown is a ninth-order

polynomial least-squares curve fit to illustrate the evolution
of the mean flow field. Similar curve fits are shown on the
figure for the V U data at zU s0.5 and 0.125. The instanta-u c

U U ( )Figure 7. Evolution of W vs. t a near the surface of
( )the rotating crystal and b at a fixed radial lo-

cation of rU s1.12 for vertical locations of zU

s0.125, zU s0.5, zU s0.875.

neous velocities are not shown for clarity. Likewise Figure 7
shows the W U data at the same locations and presented in
the same manner. Both V U and W U are plotted vs. the num-u c
ber of revolutions, tU, and represent startup from rest until a
mean flow steady state is obtained at each location. For sub-
sequent reversals of direction the data behave in a manner
similar to that shown in Figures 6 and 7, with differences
only in magnitude of W U as discussed in the previous subsec-
tion. The data of Figure 6 show that the evolution of V U atu c
zU s0.125 and zU s0.5 are very similar over the entire pe-
riod, both near the surface and at rU s1.035. The mean value
of these nondimensional velocities is slightly greater for the
zU s0.5 data over the entire period.

The behavior of V U at zU s0.875 differs from the behav-u c
ior at zU s0.125 and zU s0.5 mainly for tU -6.0. Above tU

f6.0 the behavior of the tangential velocity appears to be
quite similar to the other locations. Below tU f6.0 the mag-
nitude of V U at zU s0.875 is smaller and it takes slightlyu c
more revolutions to reach the steady-state value of the aver-
age velocity. This is due to the taper of the pyramidal cap
corresponding to smaller induced velocities above the prism.
The magnitude of the fluctuations in the instantaneous V U

u c
data is about the same at all position, both near the surface
and at rU s1.035.
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The data of Figure 7 show that for rU s1.12 the evolution
U U Ž .and behavior of W is similar for all three z Figure 7b .

U Ž .On average the most downward value of W y0.2 is at-
tained at tU f2.5 and levels off close to zero after tU f6
revolutions. Near the crystal surface, however, the mean val-

Ž .ues at the three locations are slightly different Figure 7a .
For tU -5 the direction of the mean axial flow is downward
for all three zU. For zU s0.125 W U is the smallest in magni-
tude and largest for zU s0.5 in this tU range. Just after initi-

Ž U . Uation of motion t f1y5 , the curve fit of the W data at
zU s0.5 exhibits a maximum magnitude of about y0.4. For
zU s0.875, the maximum magnitude of W U is about y0.3
and occurs at tU f2.0.

Ž UThe data thus suggest that during the initial period t -
.6.0 the axial flow accelerates over the top portion of the

prism but decelerates as the platform is approached. Above
tU f6 the magnitude of W U is similar at both zU s0.5 and
zU s0.875. The direction of the mean velocities is downward
over the entire rotation schedule at these two locations, but

Žapproaches a small value at steady state see the subsection
. Uon steady-state velocity profiles . For z s0.125, as steady

state is approached, the mean axial flow near the crystal sur-
face is upward due to the existence of a vertical recirculation
region. Like the V U data, the fluctuations of W U about theu c

( )Figure 8. Evolution of a the relative tangential velocity
( ) Uand b axial velocity vs. t near the surface

of the rotating crystal, at zU s0.125, and at
three angular accelerations.

mean are similar at all vertical locations. Recall that upon
reversal the maximum values of W U are about 50% higher
than those shown in Figure 7.

Effects of angular acceleration
The effects of the angular acceleration on the behavior of

the velocity field show some very interesting trends. Figure 8
U Ž . U Ž .presents the evolution of V Figure 8a and W Figure 8bu c

from startup to tU s14 near the crystal surface and at zU s
U Ž .0.5 for three a 0.018, 0.18, 1.8 . The final Reynolds num-

ber was 1.51=104 for all cases and the dimensional accelera-
tions were 0.01, 0.1, and 1.0 rps2. The data of Figure 8a are
somewhat surprising as they indicate that after motion has
initiated there is little change in the average value of V U foru c
the entire period. The V U data for all three a , differing byu c
two orders of magnitude, are almost identical. Data for aU s
0.018 are not shown on the figure because they are virtually
identical to the aU s0.18 data. Small differences exist in the
data right after startup, but in general the data are similarfor
all aU and the magnitude of the mean values of V U remainu c
approximately constant over the entire rotation period. For
all a and v investigated the velocity data exhibit the same
periodicity with tU as shown in Figure 8a.

The W U data show markedly different behavior and are
shown in Figure 8b. For all three aU, after about tU f8, the
magnitude and behavior of W U is similar. For tU -8, how-
ever, large differences exist when comparing the three data
sets. At early tU, W U is greatest for aU s1.8 and is the
smallest for aU s0.018. In fact, for aU s0.018, W U remains
close to zero over the entire rotation schedule. For aU s0.18
and 1.8, the magnitude of W U increases with increasing aU,
although not in a proportional manner. For these two cases
W U is a maximum at early tU and then decreases to values
fluctuating around zero.

Discussion
Flow-field description from startup

The behavior of V U and W U from startup, or after rota-u c
tion reversal, including acceleration effects and spatial varia-
tions, can be summarized by the following observations.

v
U UThe average values of V do not depend upon a , butu c

at a fixed location with respect to the rotating crystal, remain
relatively constant for all aU and Re explored.

v
UThe relative axial velocity does depend strongly on a

at early tU, increasing with increasing aU.
v In an average sense the axial velocity increases to a max-

imum directed toward the platform just after reversal, or
startup, but then decreases toward smaller magnitude as
steady state is approached.

v
UInstantaneously, W depends on u and is negative just

after a corner passage, but positive just prior the next corner
passage for tU F7.

v
U U U UŽ .At steady state, W r - L is negative at z s0.5 and

zU s0.875 for all u with the magnitude decreasing as the
crystal corner approaches.

v A vertical recirculation of the axial flow occurs near the
junction of the prism faces and platform surface.

v
UUpon reversal of rotation, the average V also reversesu c

direction, but in an average sense W U is always downward
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with the exception of a small region near the platform, where
it is upward.

v
UFor all reversals of rotation the curve fit of the V datau c

attains a similar magnitude, but W U attains a magnitude 50%
higher than for the initial period.

The evolution of the flow field from startup is now de-
scribed. As the crystal begins to rotate in an initially quies-
cent fluid, or after reversal of rotation direction, large axial
velocities are induced by the crystal owing to low-pressure
regions that exist in the core of the separated flow near the
crystal faces. Near the platform the axial flow is converted to
radial outflow. This pumping of the solution is driven largely
by the crystal and should not be confused with transport
caused by the formation of an Ekman layer in a spinning

Ž .tank, discussed in detail by Wedemeyer 1964 . Solution that
is transported in the axial direction largely consists of a fluid
with a component of u-momentum that is close to zero or
opposite in sign of the rotation direction. Consequently, the
tangential velocity gradients near the crystal do not decrease
but remain large; and the regions of separated flow extend
out to the crystal corners as observed from flow visualization.
As a result the velocity fluctuations in the region near the
crystal faces remain approximately constant. For low a , the
relative velocity is much smaller initially, and thus size of the
separated regions is much smaller, as are the velocity gradi-
ents.

After some characteristic time, based on rotation rate, and
geometric parameters, turbulent motions have convected over
the entire tank volume and the relative velocity near the ro-
tating crystal begins to decrease. A time scale describing this
behavior has been developed previously for a rotating bluff

Ž .body Maynes et al., 1999 . The fluid now being transported
toward the body in the established secondary flow now has
some angular momentum in the direction of rotation, and as
a result the velocity gradients near the crystal decrease. As
rotation continues the velocity gradients and fluctuations
continue to decrease until steady state is attained.

Ž .Theory by Greenspan and Howard 1963 show that for
spin-up of a fluid in a cylindrical tank, the spin-up time is

2 Ž .1r2ts H r n V , where H is the tank height, and V is the
rotation rate. For the tank employed for this study and the
same rotation rate of 0.75 rps, the spin-up time would be 117
s. The temporal evolution from startup to steady state for a
rotating crystal on a platform is significantly different from
spin-up of a fluid in a circular cylinder. For the latter, the
flow field is driven by turbulent motions generated at the
crystal corners and platform support bars. For the present
data, steady state, when considering startup in a quiescent
fluid, is attained at tU s12 or ts16.4 s. When considering
rotating bluff bodies without a platform, the spin-up time has
been shown to be a function of tank height, tank radius, body

Ž .height, and body aspect ratio Maynes et al., 1999 .
Figure 9 depicts the qualitative behavior of the velocity field

for an r-z plane and in the region of the crystal surfaces. The
solid lines depict the expected r y z plane velocities based
upon the velocity data. The dashed lines represent fluctua-
tions in the velocity due to the crystal geometry. These fluc-
tuations are superimposed on the average velocity for a qual-
itative description of the behavior at a given point. All of the
obtained data suggest that with few exceptions the average
velocity is downward at all points except near the junction of

Figure 9. Flow-field of the axial velocity flow patterns
near the crystal for a crystal on a platform ro-
tating in a tank.
The bottom panel corresponds to a view normal to a prism
face, and the top panel is a view normal to a prism corner.

the platform and the prism faces, where a separated region is
believed to exist and is depicted on the lower panel. The
largest downward velocities were measured following the pas-

Ž .sage of a corner at prism midplane and the minimum down-
ward velocity occurs immediately prior to the corner passage.
That Figure 9 is an accurate portrayal of the flow field is
evidenced by all of the obtained data.

Significance to rapid crystal growth
The presented velocity data are significant for validation of

full field CFD simulations of crystal-growth environments and
also give insights into the formation of inclusions on growing
crystals. In general, it can be inferred that as the shear rate
on a crystal surface decreases, the rate of mass transfer will
also decrease. The shear rate is proportional to 1rd , where d
is the momentum boundary layer and the mass transfer is
proportional to d , where d is the concentration boundaryc c
layer. Both d and d decrease as the characteristic velocityc
increases, and it has been observed that as the rotation rates

Ž .increase, crystal growth rates increase Wilcox, 1983 . Obser-
vations of growing crystal surfaces show that the growth rate
normal to a given surface remains constant across the sur-
face. Consequently, if there exist regions on the crystal sur-
faces where the shear rate is low relative to the rest of the
surface, the concentration of solute at the surface for these
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locations can be lower than at regions of high velocity gradi-
ents. Prolonged exposure to low shear rate can thus ulti-
mately lead to instability in the growth process, resulting in
inclusion formation on the crystal surfaces. Also of impor-
tance regarding rapid crystal growth hydrodynamics is the
magnitude and behavior of the turbulent fluctuations in the
fluid. It is the turbulent motions that largely control the con-
vective mixing that occurs in the solution.

Prediction of inclusion location is impossible without
knowledge of the crystal-growth kinetics. For example, the
location of the growth hillock and the direction of step prop-
agation are critical. However, the solution velocity magnitude
and direction are also critical. Thus, examination of the data
can help predict where and explain why inclusions will form
given known rotational parameters and growth kinetics.

The velocity data suggest that at low a the relative axial
and tangential velocities are always very small. This leads to
small velocity gradients at the crystal faces and small turbu-
lent fluctuations in the velocity field. Thus as a is decreased,
the boundary-layer thickness on the crystal surfaces de-
creases and the amount of convective mixing by turbulent
motions also decreases. Both effects increase the likelihood
of inclusion formation. The data also suggest that if rotation

Ž Upersists for a long time after steady state is attained t s12
.for the current data , the relative velocities, and thus surface

shear rates, will be smallest in magnitude between u s638
and 908. Rotation for a long time also results in a much

Žsmaller intensity of the turbulent fluctuations Maynes et al.,
.1997 . Consequently, for unidirectional rotation, inclusion

formation could be enhanced in the region between u s638
Žand 908 because of low relative velocity just prior to the crys-

.tal corner , or inclusion formation may be enhanced due to
poor global mixing. Furthermore, the present data show that
a vertical recirculation zone exists near the bottom of the
crystal, just above the platform. This recirculation zone exists
for the entire rotation schedule, and thus in this region the
solution can become starved of solute material. Because of
this recirculation zone, there always exists an area where the

Žaxial velocity will always be small near the stagnation point
.of the recirculation zone .

Observations of multiple crystal growths confirm that at
Ž . Žhigh growth rates ;15 mmrday and low accelerations a s

2.0.01 rps inclusions predictably form on the prism faces and
near the tops of the pyramidal cap faces. Although velocity
data are not available in the pyramidal cap region, it is evi-
dent from geometry considerations that the relative dimen-
sional tangential velocity will be much smaller near the top of
the pyramid simply because the characteristic radial length
and thus driving velocity will be smaller. Further velocity data
are needed in the region of the pyramidal cap. Additionally
observation shows that inclusions predictably form on the
prism faces if rotation occurs in one direction too long. Ob-

Žservations also show that if the rotation rate is too low F0.25
.rps , inclusions will generally always form and that a common

location of inclusion formation is near the bottom of the prism
face.

Conclusion
At high supersaturation the growth process of KDP crys-

tals is much more dependent upon the velocity field than at

lower growth rates. The presented measurements of the tan-
gential and axial velocity show the behavior of these compo-
nents of velocity at steady state and during the transient pro-
cess at three vertical locations. The present data represent
the first measurements of fluid velocities around rotating
crystal geometries. The data provide a benchmark for future
computer simulations of the crystal-growth process at higher
Re than previously obtainable. Rotational conditions and lo-
cations on the prism faces where low shear rates are likely to
occur have been discussed qualitatively, based on the present
measurements. The data suggest that for increased control of
the hydrodynamics associated with rapid crystal growth, low
acceleration rates should be avoided, since these result in
small relative axial and tangential velocities for the entire ro-
tation schedule. Also, rotation in one direction longer than
tU f12 for the current geometry will result not only in poor
mixing dynamics but also a minimization of the relative veloc-
ities. Because V U and W U are proportional to the rotationu c
rate, the data also suggest that increased rotation rates lead
to larger axial and relative tangential velocities.
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