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Vortex flows in acid solutions of lithium
dihydrogen phosphate in a crystal growth unit
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The characteristic properties of vortex flow induced by an external source under
certain boundary conditions are established. Experimentally obtained are the data on the
vortex size depending on the power of the source. The analytically established dependence
is in agreement with the experimental data.
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VeranosieHnbl xapaKTepHbIe CBOMCTBA BUXPEBOr'0 TEUEHUS, BO30YIKIAEMOro BHEIIIHUM IUC-
TOUHHKOM B OIPeAeNIeHHBIX I'PAHHYHBIX YCIOBUAX. OKCIEPHUMEHTAJIBHO IIOJYUYEHBI AAHHBIE O
pasMepax BHUXPSA B 3aBUCUMOCTH OT MOIIHOCTH HCTOUYHHKA. SaBHUCHUMOCTb, YCTAHOBJIECHHAS
AHAJIUTUYECKN, XOPOIIO COTJACYETCS ¢ 9KCIEePUMEHTAIbHBIMU JAHHBIMU.

Buxposi Teuii ¢ochoprokucanx posuumniB Jgiriii guriagpodocdary y pocroBomy
anapari. A.M. IOpuenxo, K.M. Kyaux, O.I1. Boporos, I''M. Babenko.

BceranoBieno xapaxkTepHi BaacTUBOCTI BUXPOBOI Teuil, AKa 30ymA:KyeThCcsd 30BHIIIHIM mKe-
pejioM y IIEBHUX IPAHMYHHUX yMOBax. EKCIIEpUMEHTAJIBHO OTPUMAHO HAHI IIPO POSMIipHU BUXO-
Py B 3ajeKHOCTL Bix mory:KHocTi q:Kepesna. 3aeKHiCTh, BCTAHOBJEHA AHAJIITUYHO, HOOpe
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YBIOJKYEThCA 18 eKCIePpUMEHTAJbHUMU TaHUMU.

1. Introduction

Lithium dihydrogen phosphate LiH,PO,
(LDP) plays a particular role in the group of
KDP-type crystals. The latter are grown
from aqueous solutions, whereas for LDP at
a temperature above 20°C there is observed
incongruent solubility [1-3]. Meanwhile it
has been shown [3] that in the solutions,
which contain excess of orthophosphoric
acid, the crystals dissolve congruently. The
solubility of LDP in phosphate solutions is
rather high (63 wt.% in 100 g of the solu-
tion on the base of 20 % H3PO, at 45°C
[4]). Therefore, the viscosity of saturated
phosphate LDP solutions by several times
exceeds that of aqueous solutions [4].
Therefore, mass transfer in the process of
crystal growth is essentially slower. As a
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rule, for raising the rate of mass transfer
the solution contained in a growth unit is
stirred. Optimum crystal growth conditions
imply laminar flow of the solution in the
vicinity of the growing surface. The crite-
rion of the changeover from laminar to tur-
bulent flow is the Reynolds number. The
main part of the growth unit is a cylindri-
cal vessel containing the solution in which
the seed and a stirrer are placed. The inten-
sity of the solution stirring is defined by
the stirrer rotation velocity. This rotation
creates vortex flow of the liquid, therefore,
the aim of the present study is to clarify
the main properties of vortex flow of LDP
solution in a mixture of H,O and H;PO,
depending on the stirring intensity.
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Fig. 1. Scheme of the experimental unit (a —
cylinder with the solution investigated; b —
magnetic anchor; ¢ — a model seed; d — water
bath; e — thermometer; f — magnetic stirrer).

2. Experimental

Model experimental observations of the
solution flows in the process of stirring
were realized on the unit schematically
shown in Fig. 1. The solution containing
52 wt.% of LDP in 20 % H3PO, water solu-
tion was poured into a glass cylinder with a
volume of 50 ml and a radius of 15.6 mm.
Placed at the cylinder bottom was a mag-
netic anchor shaped as a rod 6 mm in di-
ameter and 25 mm long. A model seed in
the form of square rod with a side of
10 mm was placed in the upper part of the
solution. As a tracer for observation of the

Fig. 2. Directions of the solution flow and
path of the tracer particles (a — the vertical
flow component V,; b — the radial flow com-
ponent V,_; ¢ — the angular flow component
V(p; d — the model seed of the crystal in the
solution; e — general view of toroidal flow;
f — magnetic anchor).

solution flow, there was used a suspension
of fine-dispersed charcoal. The cylinder was
placed into a thermostat (a water bath with
a control thermometer). The thermostat was
placed onto the magnetic stirrer with heat-
ing and control of the anchor rotation veloc-
ity. The solution flows at different tempera-
tures and stirring velocity were filmed
using high-speed camera at 100 fps. There
were made series of measurements at the
solution temperature of 25, 30, 35, 45 and
55°C, the anchor rotation velocities being
190, 249, 308, 367, 425, 484, 543 and
602 rpm.

Stirring of the solution in the cylinder
gives rise to toroidal vortex flow rotating at
a velocity which can be resolved into the

Table. Ratio of the vortex height A to the solution level L at different temperatures and stirring
rates, calculated values of the Reynolds number and vertical component of the flow velocity.

w, 25 30 35 45 55
min ! T e V, |h/L| Re | V,, | h/L | Re | V,, | h/L | Re | V,, | /L | Re | V,,
cm/s cm/s cm/s cm/s cm/s
602 | 0.84 | 311 | 48 |[1.00| 341 | 57 |0.99| 899 | 54 |1.00| 557 | 54 | 1.00| 920 | 54
543 | 0.83 | 281 | 43 | 0.96 | 308 | 49 |0.99| 360 | 48 |1.00| 502 | 49 |1.00| 830 | 49
484 [ 0.79 | 250 | 36 |0.91 | 274 | 42 |0.97| 821 | 42 |1.00 | 448 | 44 |1.00| 740 | 44
425 [ 0.75| 220 | 20 | 0.88 | 241 | 36 |0.96 | 282 | 37 |0.98 | 393 | 38 |1.00| 650 | 38
367 | 0.74| 190 | 17 | 083|208 | 29 1092|243 | 30 [0.91 | 339 | 30 |1.00| 561 | 33
308 [0.73 | 1569 | 14 |0.80| 175 | 24 |0.89| 204 | 25 |0.87| 285 | 24 |1.00| 471 | 28
249 | 0.65| 129 8 [0.70 | 141 11 [ 0.83 | 165 | 19 |0.82| 230 | 18 | 0.95| 381 | 21
190 | 0.52 | 98 5 0.55 | 108 7 |0.72] 126 | 12 |0.76 | 176 | 13 |0.92| 291 16
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Fig. 3. Dependences of the ratio of the vortex
height to the solution level (/L) and of the
Reynolds number (Re) on the temperature at
370 r.p.m. stirring rate.

following components: the angular (V); the
radial (V,) and the vertical (V) (Fig. (5).

The changes arising in the solution in
the process of stirring were estimated using
the ratio of the vortex height in the solu-
tion h to the solution level L: h/L as a
criterion. Chosen as a criterion of the inten-
sity of the solution stirring was the corre-
sponding Reynolds number: Re = V(pR/v;
where R is the cylinder radius; v=mn/p —
the kinematic viscosity of the solution; n —
the solution viscosity; p — the solution den-
sity; Vy, = wR — the angular component of
the solution flow velocity; w — the angular
velocity of the mixer anchor rotation.

The chosen criteria make it possible to
use the results of the model experiment for
a growth apparatus and to optimize the
crystal growth conditions.

Table presents the values of the ratio of
the vortex height A4 in the solution to the
solution level L determined on the base of
the video observations of the solution flows.
The experiments were performed at differ-
ent temperatures and stirring rates. The
table also contains the calculated values of
the Reynolds numbers.

As seen from Table, at the minimal stir-
ring rate the vortex height increases as the
temperature rises from 25°C to 55°C: the
ratio h/L changes from 0.52 to 0.92. With
the rise of the stirring rate the vortex
height grows and reaches the limiting value
h/L = 1. Thereat, at the increase of the
temperature less intense stirring is re-
quired.

Presented in Fig. 3 are the temperature
dependences of the ratio A/L and of the
Reynolds number. As is seen, the growth of
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Fig. 4. Dependences of the ratio of the vortex
height (h) to the solution level (L) on the
Reynolds number (Re) at different tempera-
tures, and the approximating curve.

the temperature gives rise to particularly
pronounced tendencies of the character of
these dependences: the ratio hA/L tends to
the limiting value and the Reynolds number
increases. The dependence of the ratio A/L
on the Reynolds number has the form of the
power function A/L = A-(Re)". The obtained
dependences of the vortex height ratio to the
solution level on the Reynolds number at dif-
ferent temperatures are shown in Fig. 4.

3. Discussion

Consider the stationary state of viscous
incompressible liquid over a rotating cylin-
der. The equations of incompressible viscous
liquid in ecylindrical coordinates have the
form [5]:

v, v, Vv (1)
Vrar +V282 r
__1op, 82Vr+laVr+a2Vr_§-
p or or2 r or 022 r2f
oV, v, V.V (2)
® o "rle _
Vr or L 0z r

B azv(p 1 aV(p azv(p Vo
or? T or * 022  r2/

v, av, (3)
Tor TVeor T
_19P 82V2+18V2+82V2
p 0z o2 r or 022 |

Here v is the liquid viscosity. These
equations are to be complemented with the
conditions of liquid incompressibility:
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wv, V. v, (4)
or T T T

Naturally, it is rather difficult to obtain
the exact solution of this system of equa-
tions taking into account the boundary con-
ditions. To find the numerical solution is
much easier, however, further we intend to
study the regularities of the flow propaga-
tion in vertical direction with changing stir-
ring rate. Therefore, it seems expedient to
restrict ourselves to simple qualitative esti-
mations. Taking into account the structure
of the vortex flow defined by the fluid in-
compressibility condition, one can estimate
the ratio of the vertical component of the
velocity to the radial component. As follows
from the incompressibility condition,

Vr VZ

Vo Ve Ve n
R h V., R

()

Here h is the characteristic vertical vortex
size, R — the characteristic radius of the
cylinder. This relation shows that the verti-
cal vortex size increases with the rise of the
vertical velocity in comparison with the ra-
dial one. If one use the data on the velocity
of the rotation of the cylinder bottom (stir-
rer) with the frequency w, it is natural to
assume that for viscous liquid the charac-
teristic velocity I(p =~ WR agrees with the ro-
tation frequency of the source of motion.
Using this relation, suppose that the non-
linear term in Eq. (2) is of the order of the
viscous term:
ViV AV,

R VR

and transform it as follows:

VR _ AV,
v V.’

r

where V(p =~ OR is the characteristic rotation

velocity, AV(p, the characteristic change of
the rotation velocity. Then we obtain:

AV, (6)

In this expression, the Reynolds number
Re = V(pR/v is determined from the angular
characteristic rotation velocity and depends
on the rotation frequency. For estimation of

AV(p one can compare the last two viscous
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contributions in Eq. (2), assuming viscous
components to be of the same order:

AV, Y
h2  RZ
Thus,
h2
AV(p = EVQ

Finally, on the premise that V(p =V, we
obtain:
h2
AV(P = EV’..
The substitution of the obtained expres-
sion in Eq. (6) yields the following relation:

h bh_ gy b_ B 5 (0
R2~Re—>R~ Re — =1 Re.

Therefore, the rise of the characteristic
vertical vortex size and, consequently, of
the active flow zone is proportional to the
square root of the Reynolds number. The
latter is estimated from the angular rota-
tion velocity. The constant multiplier in Eq.
(7) found from the experimental data has
the following form:

h T R (8)
L 169 L VRe.

This relation agrees with the experimen-
tal data. Strictly speaking, it should be
noted that it is not applicable in the region
of h/L =1, due to an essential influence of
free liquid boundary in this region, and an
intricate shape of the solid immersed in the
liquid. Such factors were present in the ex-
periment, but were not taken into account
in the theoretical estimations.

The graph presented in Fig. 4 has the
characteristic region 0.95 < h/L < 1.0 corre-
sponding to the wvalues of the Reynolds
number 300 < Re < 350. Here the propor-
tional rise of the characteristic vertical vor-
tex size and laminar flow of the liquid in
the flow are disturbed. That seems to be
caused by the above-mentioned essential in-
fluence of the free liquid boundary. Pre-
sented in Table are the maximum values of
the vertical component of the liquid flow
velocity in the vortex (V) depending on the
Reynolds number. The values of the vertical
flow velocity close to 80 cm/s point to the
changeover to the kinetic crystal growth re-
gime [6]. As seen from the table, such char-
acteristic vertical velocities are achieved at
the Reynolds numbers 250 < Re < 350.
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The Reynolds number is one of similarity
criteria, which allow estimating the stirring
conditions in a real crystal growth appara-
tus. Assume that the diameter of the cylin-
drical growth vessel is 16 cm and the solu-
tion level L is also 16 cm, then at the re-
quired growth temperature 40°C, o is about
30 rpm. Thereat, the magnetic anchor must
have a diameter of 15 mm and a length of
60 mm. These values are reasonable for the
process of crystal growth.

4. Conclusion

The performed study of the conditions of
stirring of acid solution of lithium dihydro-
gen phosphate in a cylindrical vessel shows
centrifugal stirring of the solution gives
rise to the appearance of a toroidal vortex
which characteristic vertical size (#/L) de-
pends on the stirring velocity and the solu-
tion temperature.

The rise of the characteristic vertical
vortex size is found to be proportional to
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the square root of the Reynolds number
h T R
L 169 L VRe.

The obtained results are compared with
the conditions of stirring in a real growth
apparatus. Effective mass transfer in the
solution is provided by the eigenvalue of
the criterion #/L <£0.95 and the Reynolds
numbers 250 < Re < 350.
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