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Abstract 

An experimental method is presented for the determination of the individual mass transfer coefficient at solid dissolution and of the solid 
dissolution rate. This method assumes that dissolution takes place at the particle level, the particle falling in a stationary liquid. The method 
is applied to the dissolution of urea particles in water and in aqueous urea solutions. 
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1. Introduction 

Solid dissolution is a fully studied process, the technical 
literature today comprising a large number of papers dealing 
with the theoretical and experimental study of mass transfer 
in solid dissolution. Mass transfer is analyzed at both the 
particle and the bulk level (fixed bed, fluidized bed or sus- 
pension) [ l-141. 

As a result of the research concerning mass transfer at the 
particle level, mathematical models are proposed for the indi- 
vidual mass transfer coefficient, the dissolution rate and the 
complete dissolution time. Based on the Levich and Frosling 
equations in [ 81, three mathematical models are established 
for the dissolution time of a spherical particle falling freely 
in a liquid. The mathematical model was verified experimen- 
tally using urea particles and water. 

In [ 9, lo] the authors propose a physical model based on 
which a mathematical model is established for the computa- 
tion of the individual mass transfer coefficient of a cubic 
dissolving particle falling freely in a liquid. The mathematical 
model is verified experimentally using cubic KC1 particles 
and aqueous (NHJ SO4 solution. 

After a detailed presentation of the criterial equations for 
mass transfer between a spherical particle and a forced con- 
vection liquid, the authors of [ 121 establish two criteria1 
equations for the dissolution process using an electrochemical 
technique. 

In the present paper a rapid method for the experimental 
determination of the individual mass transfer coefficient of 
dissolving solids and of their dissolution rate is proposed. 
The method implies experimental determinations for individ- 
ual spherical particles falling freely in a liquid in which they 

dissolve. According to this method the falling time for three 
different sections is determined for each particle. This method 
does not require a knowledge of the particle’s initial diameter. 
The method is tested using urea particles dissolving in water 
or aqueous urea solutions of several concentrations. 

2. Method for the determination of the individual mass 
transfer coefficient kl 

In the case of a particle formed of only one component A 
which moves by free falling in a solvent, the following mass 
balance equation can be written: 

- dmA = k,S( c? - c”,) dt (1) 

where mA is the particle mass (kg) at moment f, k, the indi- 
vidual mass transfer coefficient (m s-l), S the exteribr area 
(m2) of the particle at time t, CA the mass concentration of 
solute at equilibrium (kg mW3), and t the duration of the 
process (s). 

Since the dissolution rate for component A may be 
expressed by the relation: 

the mass balance Eq. ( 1) becomes: 

uo=h(C”,-CO,) 

If the particle is spherical then: 

(3) 

S= lrD2 

dm, = p,dV= FdD 

(4) 

(5) 
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and the dissolution rate defined by Eq. (2) may be written 
as: 

(6) 

where D is the particle diameter (m) at time t (s), pS the 
particle density (kg mP3), and V the particle volume (m3) 
at moment t. 

During the free fall particle dissolution occurs. As a result 
the diameter decreases continuously. For short intervals of 
time the process may be regarded as a sedimentation process 
and the particle diameter may be determined using the expres- 
sion for the sedimentation rate [ 151: 

(7) 

where 5 is the friction factor (dimensionless), p the liquid 
density (kg m-“), and g the gravitational constant (m s-*) . 

The friction factor 5 is given by the relation [ 161: 

lca(Re) -nca POOD --n 
( 1 ‘I 

From Eqs. (7) and (8) we obtain: 
D=C,U2-dn+1 

0 (9) 

c= 2 
0 

I/n+1 
lln+l I-n/n+l z~n/n+l 

(Ps-PY P rl (10) 

In order to compute the dissolution rate Eqs.(6), (9) and 
( 10) are used, where dDldt is substituted by A Dlh t: 

(11) 

The significance of the finite differences AD and At results 
from Fig. 1: 

AD=D2-D, (12) 

where D, and D2 are the particle diameters when falling from 
A to B and from C to D respectively, and t,, t,, t3 the falling 
times corresponding to sections A-B, C-D, B-C 
respectively. 

Fig. 1. The significance of some physical variables. 

The particle diameters D, and D, are expressed by the 
relations: 

Q zz C. U;L-n’n+L (14) 
D =C.&dn+l 

2 02 (15) 

Knowing the dissolution rate, the individual mass transfer 
coefficient ki is determined using Eq. (3). The sedimentation 
rate for sections A-B and C-D is determined from the 
relations: 

hl 
u 01=- 

t1 
(16) 

where t, and t2 are determined experimentally. 
Eqs. ( lo), (14) and (15) for the sedimentation region 

(a= 18.5, n=0.6) [ 161 become: 

cc l.242(p, - p) -0.625p0.2s,,0 37.5 (18) 

D, = C. ~$1”” (19) 
D 

2 
= C u0.875 

02 (20) 

3. Experimental 

The experimental determination of the dissolution rate and 
of the individual mass transfer coefficient for granules falling 
freely in a solvent implies the experimental determination of 
the falling time of the particle between A-C, B-C and C-D. 

For this purpose we used an experimental installation 
which is presented in Fig. 2. According to Fig. 2 the experi- 
mental installation consists of a vertical glass column ( 1) 
with an inner diameter 0.55 m and height 1 m. The column 
has four marks A, B, C and D and is supported by a metal 
prop (2) with clamps (3). At the upper part of the column 
there is a funnel (4) where the granules are introduced. The 

I I 

Fig. 2. Experimental installation: ( 1) column; (2) support; (3) clamps; (4) 
funnel. 
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Table 1 
Moving duration of the urea particles (s) 

No. C*=O% C,=3.75% P,=7.5% C,O’l5% 

A-B B-C C-D A-B B-C C-D A-B B-C C-D A-B B-C C-D 

1 2.5 5.5 3.5 3 5 3.7 3.2 7.8 7.4 3 5.1 3.6 
2 2.85 5.25 4.5 5 3 7 6.5 2.3 5 3 3.2 5.4 3.5 
3 2.85 6.15 4.8 3 6.5 4.7 3.2 6. I 4.6 3.4 6.8 4.7 
4 2.9 5.6 4.6 3 4.8 3.5 3 6.8 4.4 2.5 5 3.1 
5 2.8 5.8 4.2 2.2 4.1 2.6 2.5 4.7 3.1 2.7 5.7 3.7 
6 2.4 4.3 3.2 2.5 4.4 3.3 2.5 5.8 3.7 2.7 4.7 3.3 
7 2.5 5.5 3.6 2.7 5.1 3.9 2.4 4.3 3 2.7 5.3 3.3 
8 2.1 4.3 2.6 2.2 4.8 3.4 2.4 5.1 3 - - 
9 2.6 4.2 4.9 2.4 4.4 3.2 2.3 4.9 3.1 - - - 

10 2.4 5.5 4.5 2.5 4.9 3.7 - - - - - - 
11 2.5 5.6 5.5 2.2 5.1 3.5 - - - - - - 
12 2.2 4.4 3.2 - - - - - - - - 

Table 2 
Physical properties at T= 293 K 

Property Value Reference 

Density of the particle/kg m-’ 
Density of the aqueous urea solution/kg m-s 

Viscosity of the aqueous urea solution/N s me2 

Solubility of urea in water/% 
Diffusion coefficient of urea in water/m’ s- ’ 
Diffusion coefficient of urea in aqueous urea solution/m’ s- I 

3.75% 
7.50% 
15% 
3.75% 
7.50% 
15% 

3.75% 
50% 
15% 

1335 
1008.5 
1019 
1040 
1.03x 1o-3 
1.06x10-’ 
1.12x lo-? 
551.50 
1.18~ lo-’ 
1.163x10-9 
1.091 x lo-’ 
1.046~ lo-” 

[I71 
Cl71 

r171 

[51 
r51 
Experimental values 

distances measured from the upper margin of the column to 
the marks A, B, C and D are 0.20, 0.40, 0.78 and 0.93 m 
respectively. 

The experiments were conducted at 293 K and atmospheric 
pressure using urea particles of various sizes and using as a 
solvent distilled water and urea solution with mass concen- 
trations of 3.75,7.5 and 15%. The urea particles were selected 
according to their size and shape, choosing only those which 
were closest to the spherical form. The granule diameter used 
for the experiments was in the range ( 1.55-2.40) X 10e3 m. 
Each selected particle was carefully introduced into the col- 
umn so that at the contact with the liquid surface its velocity 
would be zero. 

A large number of particles were used in the experiment, 
but only those which dissolved without rolling and touching 
the column walls were used in computation. The falling times 
corresponding to the sections A-B, B-C and C-D were meas- 
ured using two chronometers. The data are presented in 
Table 1. 

The values of the physical parameters used in computation 
are given in Table 2. The value of the diffusion coefficient of 
urea in aqueous urea solutions with the concentrations of 

3.75,7.5 and 15% was determined experimentally using the 
capillary method [ 181. 

4. Results and discussions 

Using the data in Table 1 and Eqs. ( 16) and ( 17) the mean 
velocity of the particles for the sections A-B and C-D was 
computed. The results obtained are presented in Table 3. 
Based on the velocity values, the mean diameters of the par- 
ticles for sections A-B and C-D were computed. Eqs. ( lX)- 
(20) were used in the computations because the particles 
sediment in the intermediate region, 2 < Re < 500. The results 
obtained are presented in Table 3. Using Eqs. ( 1 l)-( 13) the 
dissolution rates of the urea particles in water and in urea 
solution with concentrations 3.75, 7.5 and 15% were com- 
puted (Table 3). 

The individual mass transfer coefficient for dissolution was 
computed with Eq. (3). The results are presented in diagrams 
of kr =f( Re) . The Reynolds number was calculated with the 
relation: 
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Dissolution rate of the urea particles 

c”,/% uO,/m s-’ u,,/m SC’ lO’XD,lm 1O’X D2/m Al/s 103Xo,/kg u,,/m s-’ lO’XD,/m Re, 
m-2s-1 

0 0.08 
0.07 
0.0701 

0.068 

0.071 

0.083 
0.08 

0.09 
0.076 

0.083 

0.08 

0.09 

3.75 0.066 
0.066 

0.066 
0.09 
0.08 

0.074 
0.09 

0.083 

0.08 
0.09 

0.09 

7.5 0.062 

0.086 

0.062 

0.076 

0.08 

0.08 
0.083 
0.083 

0.086 
15 0.066 

0.062 

0.058 

0.08 
0.07 

0.07 

0.07 

0.042 

0.032 
0.031 

0.0326 

0.035 
0.046 

0.04 

0.05 
0.03 

0.033 

0.027 

0.04 
0.04 

0.031 
0.042 

0.057 
0.045 

0.038 
0.044 

0.046 
0.04 

0.042 

0.044 

0.02 

0.05 

0.032 

0.05 

0.048 
0.04 

0.05 
0.05 
0.048 
0.041 

0.042 

0.031 
0.048 

0.04 
0.045 

0.045 

1.672 0.955 
1.485 0.752 
1.485 0.731 

1.452 0.764 

1.507 0.814 

1.727 1.034 

I.672 0.913 
1.859 1.111 

1.463 0.65 1 
1.584 0.708 
1.529 0.594 

1.705 0.838 

1.463 0.946 
1.463 0.756 
1.463 0.9867 
1.914 1.287 
1.584 0.96 

1.485 0.828 
1.76 0.941 

1.49 0.979 

1.584 0.867 
1.76 0.904 

1.76 0.941 

1.43 0.533 
1.903 1.188 
1.43 0.805 

1.716 1.188 

1.639 1.05 

I.639 0.895 
1.694 1.089 
1.694 1.089 
1.749 1.094 
1.496 1.071 
1.529 1.094 
1.32 0.765 
1.749 1.122 
1.562 0.957 
1.562 1.06 
1.562 1.06 

8.5 

8.95 
9.975 

9.35 

9.3 

7.1 

8.55 
6.65 

7.95 
8.95 

9.6 

7.1 
8.35 

10.35 
8.05 

6.5 

7.3 

8.9 
7.6 

7.2 

8 
7.95 

7.7 

13.1 

8.8 
10 

7.5 

7.5 

8.9 
7 

7.8 
7.6 

8.4 
8.75 

10.85 
7.8 

8.9 
7.7 

8.3 

56.1 0.061 
54.43 0.051 
50.22 0.0505 

48.89 0.0503 

49.54 0.053 

64.9 0.064 

59.02 0.06 

74.8 0.07 
67.9 0.053 

65.05 0.058 
64.76 0.0535 
81.18 0.065 

41.17 0.053 

45.36 0.048 

41.53 0.054 
64.14 0.073 

56.81 0.0625 

49.06 0.056 

71.61 0.067 

60.95 0.064 

59.6 0.06 

71.57 0.066 

70.67 0.067 
45.5 0.041 
54.02 0.068 

41.54 0.047 

46.81 0.063 

52.17 0.064 

55.56 0.06 

57.47 0.066 
51.57 0.066 

61.11 0.067 

33.6 0.05 
33.02 0.052 
33.97 0.044 

53.44 0.064 
45.2 0.055 

43.32 0.057 

40.18 0.057 

1.313 79.97 

1.118 56.93 

1.108 55.84 

1.108 55.84 
1.16 61.38 

1.38 88.16 

1.292 77.38 

1.485 103.74 

1.057 69.39 

1.146 82.34 

1.061 70.34 

1.271 102.38 

I .204 62.5 

1.109 52.16 

1.224 64.72 

1 S89 113.6 

1.271 96.78 

1.156 78.65 

1.351 109.95 

1.309 101.78 

1.225 89.32 

1.332 106.81 

1.35 1 109.95 

0.98 1 38.66 
1.54 100.66 

1.111 50.19 

1.452 87.93 

1.344 102.88 

I.267 90.67 

1.391 109.51 

1.391 109.5 1 

1.399 111.79 

1.283 59.59 

1.311 63.3 

1.043 52.81 

1.435 105.75 

1.259 79.73 

1.311 86.03 

1.311 86.03 

IO+ K, 

1.6 - 

co= 0 % 

T=ZO’C 

01 I 1 
30 50 70 90 110 130 Re 

Fig. 3. lndividual mass transfer coefficient as a function of the Reynolds 

number for urea particles dissolving in water. 

7 

where uorn is the mean sedimentation rate 

“01 + “02 
V -~ 

om- 2 

and D, is the particle mean diameter 

When computing the diameters D, and D2 we took into 
account the fact that during free falling the particles change 
their shape owing to irregular surface dissolution, and so we 
introduced in the expression for D, and D, a shape coefficient 
of 0.77, the value being taken from the literature for arounded 
particle [ 151. 
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10L.K, 

1.6 - 

C"= 3.75% 

T: 20°C 

01 I I 
30 50 70 90 110 130 Re 

Fig. 4. Individual mass transfer coefficient as a function of the Reynolds 
number for urea particles dissolving in aqueous urea solution, c”, = 3.75%. 

‘“+K::rl 
0.8 - -g 

0.4 - ca:7.5 % I 
T = 20°C 

I 

01 I 
30 50 70 90 110 130 Re 

Fig. 5. Individual mass transfer coefficient as a function of the Reynolds 
number for urea particles dissolving in aqueous urea solution, c”, = 7.5%. 

I 1 
lO+K, 

0.4 - co. 15% 

Tz20"C 

0. 
30 50 70 90 110 130 Re 

Fig. 6. Individual mass transfer coefficient as a function of the Reynolds 
number for urea particles dissolving in aqueous urea solution, PA = 15%. 

As may be seen from Table 3, the Reynolds number has a 
positive influence on the dissolution rate, i.e. for large values 
of the Reynolds number the dissolution rate has large values. 

The urea concentration in the solution has a negative influ- 
ence on the dissolution rate, an increase in the urea concen- 
tration causing a decrease in the dissolution rate. 

The diagrams in Figs. 3-6 reveal a positive influence of 
the Reynolds number over the individual mass transfer coef- 
ficient of the urea particles dissolving in water as well as in 
aqueous urea solution. For large Reynolds numbers the influ- 
ence is more obvious. This may be explained by the fact that 
for an increase in the Reynolds number the particle velocity 
increases and the thickness of the limiting diffusion layer 
around the particles decreases, at the same time intensifying 
the turbulent diffusion behind the moving particle. The value 
of the individual mass transfer coefficient determined by the 
proposed method represents a mean value on the particle 
surface. 

As may be seen from Figs. 3-6, an increase in the urea 
concentration in the solvent leads to a decrease of the indi- 
vidual mass transfer coefficient as a result of the increase in 
urea solution viscosity, which leads to an increase of the 
limiting diffusion layer on the surface and a decrease of the 
turbulence behind the particle. 

In order to verify the experimental results, the data have 
been represented in the form of logarithmic plots Sh. 
SC- 1’3 =f( Re) , see Figs. 7 and 8. For comparison, a criteria1 
equation [ 121 valid for the dissolution of the spherical par- 
ticle surrounded by a forced flowing fluid was chosen. 

Sh=0.94.Re’f2.Sc’f3 2.3<Re<225 (22) 

The diagrams in Figs. 7 and 8 show that for large values 
of the Reynolds number (50-l 10) there is good agreement 
between the experimental values and those computed with 
Eq. (22). Larger differences are observed forureadissolution 
in water. This may be explained by the greater deviation from 
the spherical shape in the case of particles dissolving in water 
(owing to the increased urea solubility in water). 

Generally, for small values of the Reynolds number the 
agreement between the experimental results and the results 
obtained with Eq. (22) are better. The experimental values 
for urea dissolution in water are approximately 20% larger 
than the values obtained with Eq. (22)) and 14% larger for 
urea dissolution in aqueous urea solution. 

5. Conclusions 

In this paper a new method for the experimental determi- 
nation of the individual mass transfer coefficient and the solid 
dissolution rate has been presented. 

This method implies an experiment conducted individually 
for several particles which fall freely in a solvent. 

The proposed method enables the determination of the 
individual mass transfer coefficient and of the dissolution rate 
by measuring the falling time corresponding to three sections, 
without measuring the initial particle dimensions. 

Based on this method the dissolution rate and the individual 
mass transfer coefficient were determined for urea particles 
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Fig. 8. Dependence of Sherwood number on Reynolds number for urea ptiicles dissolving in aqueous urea solutions. 

50 60 70 80 90 100 Re 

Fig. 7. Dependence of Sherwood number on Reynolds number for urea particles dissolving in 

dissolving in water or in aqueous urea solutions with mass 
concentrations of 3.75,7.5 and 15% at293 Kandatmospheric 
pressure. The influence of the Reynolds number and of the 
solution concentration on the dissolution rate and the indi- 
vidual mass transfer coefficient was also studied. 

The experimental results were compared to those found in 
the literature using for this purpose a criteria1 equation valid 
for forced convection (2.3 < Re < 225). 

Good agreement between the experimental results and the 
results obtained using the criteria1 equation was observed for 
50<Re<llO. 

The results obtained show that the proposed method is 
better suited for substances with low solubility. 

Appendix A. Nomenclature 

a 
e, 

Parameter in Eq. (8) (dimensionless) 
Concentration of component A (urea) in 
solution (kg rnp3) 

G 
D 
Q 
02 
D, 
g 
h, h2 

4 
WA 

n 
Re 
s 

f 
t1, t2, t3 

“0 
“om 

water. 

Solubility of component A in water (kg m-3) 
Particle diameter at time t (m) 
Particle diameter when falling from A to B (m) 
Particle diameter when falling from C to D (m) 
Particle mean diameter (m) 
Gravitational acceleration (m s-‘) 
Distances corresponding to sections A-B, C-D 
(ml 
Individual mass transfer coefficient (m s- ‘) 
Particle mass at moment t (kg) 
Parameter in Eq. (8) (dimensionless) 
Reynolds number (dimensionless) 
Exterior area of the particle surface at time t 
(m2) 
Time (s) 
The falling time corresponding to sections A- 
B, C-D and B-C (s) 
Sedimentation rate (m s - ‘) 
Mean sedimentation rate (m s- ’ ) 
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“01, uo2 Sedimentation rate corresponding to the 
distances h, and h, (m s-‘) 

V Particle volume at time f ( m3) 

A.I. Greek letters 

77 

PS 
P 

5 

Viscosity of the aqueous (urea) solution (N s 
m-*) 
Density of the particle (kg me3) 
Density of the aqueous (urea) solution (kg 
me3) 
Friction factor (dimensionless) 
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