
To the Editor: 
I n  reference to the article “Numeri- 

cal Simulation of Mass Transfer be- 
tween a Single Drop and an Ambient 
Flow” by Piarah et al. (July, 2001), we 
would like to present a different point 
of view. The authors state that in a pre- 
vious publication (Henschkc and Pfen- 
nig, 1999) we use an “extended mass- 
transfer [model] possessing a special 
type of turbulent circulation in the 
droplet [contradicting] thc fact that due 
to all observations internal circulation in 
the droplct is laminar”. However, in our 
model we assume that, hydrodynami- 
cally, only a laminar circulation in the 
droplet is induced. Additionally, in 
some cases instabilities can occur at the 
interface induced by mass transfer. 
which we address by an instability con- 
stant. They lead to turbulences close to 
the interface between the droplet and 
ambient phase. Contrary to the above 
statement, those turbulences have been 
observed, for example, by Schombacher 
and Bauckhage (1997). They employed 
rainbow rcfractrometry to measure con- 
centrations within drops and observed 
some random noise for high concentra- 
tions at the beginning of the mass- 
transfer process, which they attribute to 
Marangoni instabilities at the intcrfacc 
leading to a small-scale convection. 

Just like Piarah et al. (2001) we ex- 
mined  if two-dimensional (2-D) ax- 
isymmctric numerical calculations can 
be used to reproduce the experimental 
results. These calculations have been 
performed with SEPRAN (Scpran, 
1998). The outcome can be seen in Fig- 
tire 1. Our cxperimental data are pre- 
sented here together with the analytical 
solution of Kronig and Brink (1950) and 
two numerical solutions. Furthermore, 
the correct partition coefficient in terms 
of concentrations is given. When using 
a coarse grid with a finer subdivision at 
the interface between droplet and con- 
tinuous phase, the experimental data 
can well be obtained. However, if the 
grid is evenly subdivided and the calcu- 
lation thus becomes more precise, the 
results approach the analytical solution 
of Kronig and Brink (1950). Fitting nu- 
merical data to experimental, as was 
done by Piarah et al. (2001), can, there- 
fore, only be an indication of the cor- 
rectness of the numerical method used, 
but not a proof or validation. Eigen- 
berger and Sokolichin (1997) experi- 
enced similar problems when numcri- 

Figure 1. Average concentration in the droplet as a function of Fourler num- 
ber. 

cally calculating a bubble column with- 
out modeling thc turbulent behavior. 
The numerical errors compensated the 
errors of their numerical model, which 
was fortunately realized by the authors. 
Waheed (201)  used different numbers 
of nodal points to check the influence 
on the outcome of the calculations. 

Numerical diffusion is the effect that 
led to the abovc-mentioned deviations 
between calculations with a dense grid 
and calculations with a coarse grid. It 
occurs especially when the convective 
term of the equation for the conscrva- 
tion of niass is larger than the diffusive 
term. and when the used grid is coarse. 
Unfortunately, detailed tcsts showed 
that an appropriate grid for exactly cal- 
culating mass transfer in the droplet is 
vcry dense resulting in inappropriate 
com put i ng ti 111 es. 

However, there arc good reasons why 
the exact result should come very close 
to the analytical solution of Kronig and 
Brink (1950). In Figure 2 the flow pat- 
tern used by Kronig and Brink (1950) 
can be seen on the left hand side, and 
the flow pattern resulting from a simu- 
lation at a Reynolds Number of 283, 
which is typical for this problem, can be 
seen on the right hand side. A compari- 
son shows that both almost coincide. 
The diffusional distances to be over- 
come by the transferred component are, 
t h ti s. a p prox i ni ate I y id e n t i ca I .  Since 
Kronig and Brink (1950) assume a con- 
stant concentration along the stream- 
lines, the analytical result obtained 
should represent the maximum rate of 

mass transfer. We, therefore, expect 
that 2-D calculations with an appropri- 
ately densc grid should lead to a result 
vcry close to the analytical solution of 
Kronig and Brink (1950). 

The introduction of a partly empiri- 
cal equation, that is, the introduction of 
an instability constant, like in Henschke 
and Pfennig (1999), is one way to ap- 
propriately describe the problem. This 
accounts for possible 3-D effects and a 
concentration-dependent local interfa- 

~ 

Figure 2. Comparison of stream- 
lines of the analytical so- 
lution of Kronig and Brink 
(1950) (left hand side) 
with those computed with 
SEPRAN at Re = 292 
(righthand side) for a ris- 
ing drop. 
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cia1 tension leading to mass-transfer in- 
duced convection, and other interfacial 
instabilities as described by Sawistowski 
(1971). 
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Reply: 
In response to the letter from Gross- 

Hardt et al. concerning our article, we 
would like to clarify our  approach in- 
cluding a discussion of its accuracy: 

(1) As mentioned by Gross-Hardt et 
al., secondary flow structures appear 
close to the liquid/liquid interface in a 
couple of chemical systems within a cer- 
tain concentration range. These struc- 
tures, which are caused by the so-called 
Marangoni convection, differ from tur- 
bulence in two aspects: they are located 
in the vicinity of the interface, and they 
are defined and have no stochastic flow 
pattern. As a consequence, the intro- 
duction of an additional turbulent 
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Figure 1. Dimensionless concentration in drops as a function of Fourter 
number. 
Comparison of experimental and numcrical results. 

transfer coefficient (Henschke and 
Pfennig, 1999), that accounts for mass- 
transfer-induced-turbulence in analogy 
to the turbulent diffusivity in RANS 
turbulence modeling, does not seem ap- 
propriate for reasonable modeling. 
However, a convection phenomenon as 
the  source of the increased mass trans- 
fer is beyond doubt for Gross-Hardt et 
al., as it is for us. We are thoroughly 
convinced that model improvement 
should begin with an extension in the 
momentum transport model and end 
with an improved mass transfer based 
on that (as, by the way, is also done in 
turbulence modeling). 

The approach of our current studies 
is thc introduction of convective flow 
caused by changes of  local interfacial 
tension due to concentration fluctua- 
tions in our numerical model. Hereby, 
w c  hope to describe Marangoni convec- 
tion structures accurately and to find an 
improved mass transfer based on that. 

( 2 )  Contrary to Henschke and Pfen- 
nig (1999). we did no fitting of numeri- 
cal data to cxperimentd results. Our 
goal was basically to determine the gen- 
eral accuracy of numerical methods ap- 
plied to mass transfer around drops. 
The numerical procedure that we use 
has been checked in regard to grid 
spacing as well as in regard to a dis- 
cretization scheme. As can be seen from 
Figure 1 in the original article, grid 
spacing is in the range that the authors 
require. The special attention drawn to 
the subspacing at the interface is also 
shown there. Use of grids with a dou- 

bled number of points (two different 
configurations tested) has no influence 
on the numerical result. In contrast, ap- 
plication of discretization schemes of a 
higher order in space and time have an 
cffcct in the way that the authors men- 
tioned (Piarah, 2001, Fig. 5.51). 

Our experience shows that is gener- 
ally difficult to obtain satisfying numeri- 
cal results for Pe > lo’, since the nu- 
merical error of nonoscillating schemes 
gets larger the more convection domi- 
nates diffusion. Explicit coupling be- 
tween balance equations inside both 
phases and interfacial conditions makes 
things even worse. 

(3) To validate our simulations, we 
considered among others the system 
water/acetic acid/cyclohexanol. For the 
concentration range investigated in our 
mass-transfer expcrirnents, we showed 
t h e  absence of Marangoni convection 
studying the droplet rise velocity. 
Reynolds numbers chosen are in the 
range of 2 . . . 4, and Peclet numbers 
vary between 1,600 . . . 3,300. Figure 1 
shows good agreement between numer- 
ical and experimental results for that 
case. Encouraged by these results, we 
stress our further activities on the cor- 
rect modeling of physical phenomena 
rather than on further improvement of 
our  numerical method. 

(4) In general we agree on the dis- 
cussion regarding the solution derived 
by Kronig and Brink (1950). However, 
the experimental results that we ob- 
tained for the watcr/acetic acid/cyclo- 
hexanol system show a distinct devia- 
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tion from the curve of Kronig and Brink 
for Re = 3.8. As their approach is valid 
solely for creeping flow, this is not to- 
tally surprising. Figure 3 in our original 
article shows a weak, but significant, in- 
fluence of the Reynolds number on the 
mass transfer for the internal and the 
conjugate problem. It can be seen that, 
for Re < 100, a distinct speedup of the 
mass transfer can be expected with in- 
creasing Re. It should also be men- 
tioned that the velocity field derived by 
Hadamard on which the Kronig and 
Brink solution is based, as well as the 
derivation of Kronig and Brink, contain 
some additional approximations which 
can cause certain small differences be- 
tween their solution and a numerical 
solution of the complete system of 
equations for the same case. 
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To the Editor: 
In “Steady-State and Decay Dynam- 

ics for Impellers of Varying Aspect Ra- 

tio in Unbaffled Tanks” (January 2002) 
Maynes and Butcher report on the ex- 
perimental determination of the power 
input of a bluff body (square impeller) 
rotated in the cylindrical tanks without 
internals (such as baffles), but provided 
with a lid. Such equipment is important 
as a chemical reactor (Rousseaux et al., 
2001) where absence of internals could 
enhance its performance and avoid an 
air entrapment from the liquid surface. 
Steady-state hydrodynamics in the 
above mentioned system under a turbu- 
lent regime of flow can be described as 
means of a simple one-dimensional 
(1-D) axially symmetrical flow (Medek 
and Foft, 1994; Taca and Paunescu, 
2001) consisting of two parts: the inner 
one with a constant angular velocity (a 
forced vortex) and the outer one with 
decreasing angular liquid velocity with 
increasing radius-free vortex. The im- 
peller power input then is dissipated in 
the turbulent boundary layer at the ves- 
sel wall, bottom, and lid. In accordance 
with this idea the peripheral (tangen- 
tial) component of the shear stress in 
the above mentioned boundaries of the 
system is proportional to the Re-“ 
where n = 1/5, and the same power de- 
pendence is valid for the relation be- 
tween the torque coefficient C, (or im- 
peller power number) and Reynolds 
number modified for the impeller. The 
results of Maynes and Butcher’s article 
correspond fairly well to the above 
mentioned model when the geometry of 
the investigated impeller (its diameter 
and height) corresponds to the geome- 
try of a standard high speed impeller. 
The value of the exponent n at the 
Reynolds number is lying within the in- 
terval n E (0.15; 0.30) in dependence 

on the geometry of the system. A larger 
deviation from this interval appears 
when the impeller/tank diameter ratio 
L* exceeds the value 0.5 (probably due 
to interference between the flow around 
impeller and the wall) and when the im- 
peller/tank height ratio is higher than 
3.0 (probably due to interference be- 
tween the flow around impeller and 
bottom and lid). 

Maynes and Butcher mentioned some 
results of an investigation dealing with 
the velocity field in the system with a 
square impeller. I t  seems to be rather 
useful if they could calculate under 
steady-state conditions the parameters 
of the radial profile of the mean tan- 
gential (or peripheral) velocity in de- 
pendence on geometry of the system. 
Such results can help their followers 
(chemical engineers) in the calculation 
of mixing and micromixing processes in 
the above described newly designed sys- 
tem. 
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