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  A MASS TRANSFER IN HETEROGENEOUS 
SYSTEMS BY THE ADSORPTION METHOD 

A mass transfer coefficient between: a liquid and single sphere and a liquid 
and column wall in packed and fluidized beds of a spherical inert particle have 
been studied experimentally using the adsorption method. The experiments were 
conducted in a column 40 mm in diameter for packed and fluidized beds, and 
in a two-dimensional column 140 mm×10 mm for the flow past single sphere. 
In all runs, the mass transfer rates were determined in the presence of sphe-
rical glass particles, 3 mm in diameter, for packed and fluidized beds. The mass 
transfer data were obtained by studying transfer for flow past single sphere, 20 
mm in diameter. 
This paper discusses the possibilities of application of the adsorption method 
for fluid flow visualization. Local and average mass transfer coefficients were 
determined from the color intensity of the surface of the foils of silica gel. Cor-
relations, Sh = f(Re) and jD = f(Re), were derived using the mass transfer 
coefficient data. 

Key words: mass transfer; single sphere; packed bed; fluidized bed; 
flow visualization; adsorption method. 

 
 

The adsorption method is an experimental me-
thod for determination of local and average mass trans-
fer coefficients between fluid and solid surface. Besi-
des basic usage, this method is, also, suitable for fluid 
flow visualization [1]. The adsorption method is based 
on the dynamic adsorption of an organic dye onto a 
surface covered with a thin layer of a porous adsor-
bent. For this method, the value of the adsorbate sur-
face concentration is necessary for data quantifyca-
tion. This method has been used since 1953 [2], but 
the determination of this parameter, which now can 
be done easily by using new software (Sigma Scan 
Pro), gives the absorption method new actuality [3,4]. 

This method is based on the experimentally de-
termined fact that under certain conditions a mass 
transfer with adsorption can be treated as a stationary 
process governed by the mass transfer only. The ad-
sorption from a much diluted solution and far from 
equilibrium conditions is a very fast process. If the ex-
posure time is short (less than 10 min), the mass trans-
fer rate depends only on the diffusion through the 
boundary layer; the concentration of the adsorbate 
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just above the adsorbent surface is ci = 0, so that the 
mass transfer coefficient is [2]: 

0

p

ct

c
k =  (1) 

where cp is the surface concentration of an organic 
dye on the adsorbent layer, c0 is the bulk concen-
tration of transferring species in the fluid and t is the 
exposure time. 

This paper introduced the adsorption method as 
a very suitable method for the studies of mass trans-
fer and for fluid flow visualization. 

EXPERIMENT 

The experiments were conducted in a two-di-
mensional column 140 mm ×10 mm ×200 mm (Figure 1, 
system A) for flow past single sphere (20 mm in dia-
meter) and in columns 40 mm in diameter (Figure 1, 
system B) for packed and fluidized beds in the pre-
sence of inert glass particles 3 mm in diameter. The 
experimental systems are shown in Figure 1. 

A very diluted solution of methylene blue (c0 = 
2.5×10-3 g/dm3) was used as a fluid. The foils of silica 
gel were used as an adsorbent. (″Merck″, DC-Alufo-
lien Kie-selgel). The color intensity of the surface was 
determined by "Sigma Scan Pro 1" software. 
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 (A) (B) 

Figure 1. Schematic diagram of experimental system. 1 - two-dimensional column (140 mm ×10 mm ×200 mm), 2 - column 40 mm in 
diameter, 3 - foils of silica gel, 4 - single sphere, 5 - glass particles, 6 - liquid distributor, 7 – valve, 

8 - flowmeter, 9 – pump, 10 – tank, 11 - water overflow. 

RESULTS AND DISCUSSION 

Figure 2 presents a boundary layer around a 
single sphere. As it can be seen, it is a typical picture 
of a discontinuous boundary layer around a bluff ob-
ject. The color intensity of methylene blue was high-
est at the front of the sphere. 

 
Figure 2. Boundary layer visualization for flow around single 

sphere (Rep,0 = 2800). 

The separation of the boundary layer can be eas-
ily seen and the disturbance in the fluid downstream 
from the sphere is indicated. 

Figure 3 present local mass transfer coefficients 
as a function of an angle. The minimum at this plot 
represents an angle of separation. Sherwood number 
for the average mass transfer coefficient as a function 
of Reynolds number is shown in Figure 4. 

 

Figure 3. Local mass transfer coefficient as a function of angle. 

Comparisons of our data with two literature cor-
relations defined by Ranz and Marshal [5]: 

3/12/1
0p,0p, 6.02 ScReSh +=  (2) 

and Linton and Suterland [6]: 

3/12/1
0p,0p, 582.0 ScReSh =  (3) 

are also presented in Figure 4. Our experimental re-
sults show very good agreement with both literature 
correlations (Eqs. (2) and (3)). 

Chromatograms for the flow in a packed bed (a), 
in a fluidized bed at minimum velocity (b) and in a flui-
dized bed (c) are shown in Figure 5. The chromato-
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gram 5a gives clear visualization of the fluid flow around 
particles in the packed bed. The color intensity is pro-
portional to local mass transfer rates. Chromatograms 
5b and 5c visualize fluidized beds for minimal velocity 
and for highly expanded fluidized bed. The uniform 
color intensity could be observed in both cases, with 
higher intensity for minimal fluidized bed velocity. This 
color uniformity indicates uniform mass transfer rates 
for fluidized beds. Lighter top parts of chromatograms 
5b and 5c represent the mass transfer in the single 
phase flow. 

 
Figure 4. Sherwood number vs. Reynolds number. 

The experiments in packed and fluidized beds 
were conducted as a liquid-to-wall mass transfer. Fi-
gure 6 represents a relationship between a mass trans-
fer factor and a particle Reynolds number in the pack-
ed and fluidized bed. Also, this picture gives the com-
parison of our experimental data with the correlation 
of Dwivedy and Upadhyay [7] who proposed the fol-
lowing correlation: 

72.0
pD 1068.1 −= Rej  for Rep < 10 (4) 

4069.0
pD 454.0 −= Rej  for Rep > 10 (5) 

based on many different experimental data for the 
mass transfer of liquid in packed and fluidized beds. 

As it can be seen, our data show a very good 
agreement with the correlation for packed beds, but 
not for fluidized beds. 

The experimental research showed that the ad-
sorption method is very suitable for visualization of 
the fluid flow and for determination of local and ave-
rage mass transfer coefficients. The adsorption me-
thod could be easily employed by using novel soft-
ware solutions. 

CONCLUSION 

The experiments were carried out in order to 
determine the mass transfer coefficient between the 
liquid and single sphere and the wall-to-liquid in 
packed and fluidized beds of spherical inert particles. 

The adsorption method is introduced as a very 
suitable method for determination of local and ave-
rage mass transfer coefficients and for fluid flow visu-
alization. 

     
 (a) (b) (c) 

Figure 5. Chromatograms for flow in packed bed (a), in fluidized 
bed at minimum velocity (b) and in fluidized bed (c).  

Figure 6. Mass transfer factor vs. particle 
Reynolds number (dp = 3 mm). 



N. BOŠKOVIĆ-VRAGOLOVIĆ et al.: A MASS TRANSFER IN HETEROGENEOUS SYSTEMS… CI&CEQ 15 (1) 25−28 (2009) 

 

28 

The comparison between experimental results 
and literature correlations for the mass transfer co-
efficient shows a very good agreement for the flow 
past single sphere and for packed beds, and a dis-
agreement for fluidized beds. 

The result of the adsorption method gives a per-
manent picture – chromatograms of a diffusional boun-
dary layer. 
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Nomenclature 

ci equilibrium concentration, kg/m3 

c0 concentration of methylene blue in fluid, kg/m3 

cp surface concentration of methylene blue, kg/m2 

D molecular diffusion coefficient, m2/s 

Dc column diameter, m 

dp particle diameter, m 

dp,0 diameter of single sphere, m 

jD mass transfer factor, Sc2/3k/U 

k mass transfer coefficient, m/s 

NA mass flux, kg/(m2s) 

Rep Reynolds number for particles, Udpρf/µ 

Rep,0 Reynolds number for single sphere, Udp,0ρf/µ 

Sc Schmidt number, µ/Dρf 

Shp0 Sherwood number for single sphere, kdp,0/D 

t exposure time, s 

U superficial fluid velocity, m/s 

Greek letters 

µ viscosity of the fluid, Pa s 

ρf fluid density, kg/m3. 

REFERENCES 

[1] M. Mitrović, S. Končar-Djurdjević, S. Cvijović, D. Voro-
njec, A. Duduković, J. Serb. Chem. Soc. 54(8) (1989) 
383-406 

[2] S. Končar-Djurdjević, Nature 172 (1953) 858 

[3] N. A. Oladoja, C. O. Aboluwoye, Y. B. Oladimeji, A. O. 
Ashogbon, I. O. Otemuyiwa, Desalination 227(1-3) (2008) 
190-203 

[4] N. Bošković-Vragolović, R. Garić-Grulovic, Ž. Grbavčić, 
R. Pjanović, 9th International Conference on Fundamental 
and Applied Aspects of Physical Chemistry, Belgrade, 
Vol. I, 2008, p. 42-44 

[5] W. E. Ranz, J. D. Marshal, Chem. Eng. Prog. 48 (1952) 
173-180 

[6] M. Linton, K. L. Sutherland, Chem. Eng. Sci. 12 (1960) 
211-229 

[7] P. N. Dwivedy, S. N. Upadhyay,  Ind. Eng. Chem. Proc. 
Des. Dev. 16 (1977) 157-160. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


