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Abstract: The diffusion controlled corrosion of a cooling system composed of an array of vertical tubes attached to the inner 

wall of a fixed bed reactor containing plastic Raschig rings was studied by a rapid technique which involves the diffusion 

controlled dissolution of copper in acidified dichromate. Variables studied were solution velocity, Raschig rings diameter, 

vertical tube height and the presence of surface active agent. The present data were correlated by a dimensionless equation. 

The presence of surface active agents decreased the rate of mass transfer by an amount ranging from 7.5 to 36.2 depending on 

the operating conditions. Implications of the present results for the design and operation of built-in cooling systems of fixed 

bed reactors was highlighted. Also the possible use of the obtained equation in calculating the rate of heat transfer by analogy 

was discussed. 
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1. Introduction 

In view of their high specific area and their high rates of 

heat and mass transfer fixed bed reactors are used widely in 

industry to conduct diffusion controlled heterogeneous and 

catalytic reactions [1-3]. Since most of these reactions are 

highly exothermic reactions fixed bed reactors are usually 

fitted with a cooling system in order to (i) protect heat 

sensitive reactants, products and catalyst against thermal 

degradation (ii) adjust the reactor temperature at the optimum 

temperature which corresponds to the highest degree of 

selectivity and yield. Although cooling jacket surrounding 

the reactor are economically viable they fail to cool large 

diameter fixed bed reactors effectively because of the low 

radial rate of heat transfer which may arise from the low 

thermal conductivity of the packing [1-3]. A supplementary 

internal heat exchanger should be used in this case to control 

reactor temperature efficiently [1-3]. In the present study a 

cooling system composed of a number of vertical tubes 

distributed all over the inner wall of a fixed bed reactor was 

used. Since corrosive solutions are used frequently in fixed 

bed reactors the metallic cooling system will suffer from 

corrosion. The aim of the present work is to study the rate of 

diffusion controlled corrosion of the internal auxiliary 

cooling system under different operating conditions. 

Diffusion controlled corrosion of steel in aqueous solution 

takes place in the pH range of 4-10, under this condition the 

rate of steel corrosion is controlled by the diffusion of 

dissolved oxygen (depolarizer) from the solution bulk to the 

cathodic sited of the microscopic corrosion cells at the steel 

surface. In case of copper and its alloys the rate of corrosion 
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is controlled by the diffusion of corrosion products from the 

corroding surface to the solution [4-5]. The present study was 

carried out using a rapid technique which simulates diffusion 

controlled corrosion, namely the diffusion controlled 

dissolution of copper in acidified dichromate [6-7]. The 

technique has been used widely to study diffusion controlled 

corrosion and liquid–solid mass transfer at different 

geometries [8-11]. The importance of the present work lies in 

the fact that it would make it possible to estimate 

quantitatively the rate of corrosion and corrosion allowance 

of the present vertical tube array heat exchanger which is 

needed in the design stage [12] of fixed bed reactors with 

rapid temperature control such as immobilized enzymes 

biochemical reactors catalytic and photocatalytic reactors. In 

addition the present mass transfer data can be used to predict 

approximately the outside heat transfer coefficient (by 

analogy) needed to calculate the rate of heat transfer from the 

reactor solution to the cooler [13]. The second aim of the 

present study is to examine the effect of surfactants on the 

rate of diffusion controlled corrosion of the vertical tube 

array cooler. Surfactants exist frequently in wastewater 

containing organic pollutants which are treated by wet 

oxidation [14] in a catalytic fixed bed reactors, for instance, 

textile waste solutions, pharmaceutical industry waste 

solutions, laundry waste solutions, rinse and wash water of 

restaurants and medical operations, detergents industry 

wastewater, organic synthesis wastewater, etc. 

2. Experimental Technique 

Figure 1 shows the experimental setup used in the present 

study. It consisted mainly of 30 l glass storage tank, 0.5 hp 

plastic centrifugal pump, and a vertical cylindrical column. 

The cylindrical column was 20 cm inside diameter and 80 cm 

in height. The column height was divided into three sections 

namely: the inlet section, the working section, and the outlet 

section. The inlet section was packed with inert glass spheres 

of 2.5 cm diameter and 30 cm height. The height of the inlet 

section was sufficient to calm the flow [15]. The working 

section consisted of eight vertical copper tubes array which 

were fixed and distributed uniformly all over the inner wall 

of the column. Each tube was 2.2cm outer diameter and 20 

cm in height. The inner surface of each tube was well 

insulated by bee's wax. Figure 1 also shows a cross section 

plan of the cylindrical column and the 8 vertical tubes array 

regularly distributed all over the inner wall surface of the 

column and in absence of packing. The working section was 

packed with inert plastic Raschig rings. The outlet section 

which had a height of 30 cm was packed with 2.5 cm 

diameter glass spheres. The column was fitted with an 

overflow weir at the top. The flow line was made of 1.27 cm 

inlet and outlet PVC pipes. The solution flow rate was 

controlled by a bypass and was measured by a stopwatch and 

a graduated cylinder. The plastic centrifugal pump was used 

to circulate the solution between the storage tank and the 

packed bed reactor. 

 

Figure 1. Experimental setup. (1) storage tank,(2) centrifugal pump, (3) 

valves, (4) bypass,(5) inlet calming section,(6) plastic grid, (7) Raschig rings 

in working section, (8) copper tubes array, (9) outlet calming section, (10) 

overflow weir, (11) cross section plan of the vertical tubes array. 

All solutions were prepared using A. R grade chemicals 

and distilled water. Before each run, 25 l of the acidified 

potassium dichromate solution was placed in the storage 

tank. The concentration of the dichromate solution was 

measured at different time intervals by withdrawing samples 

of 10 cm
3
 of the solution at 5 min intervals for analysis by 

the titration against a standard solution of ferrous ammonium 

sulfate using diphenylamine barium salt as an indicator [16]. 

All experiments were carried out at temperature 30 ± 2°C. 

The solution viscosity and density used in data correlation 

were determined using an Ostwald viscometer and density 

bottle, respectively [17]. The dichromate diffusivity was 

taken from the literature and was corrected for temperature 

change [18]. The porosity of the packing used in the present 

study is listed in Table 1. 

Table 1. Porosity of packing used in the present study. 

Raschig rings diameter (cm) porosity 

0.8 0.708 

1 0.735 

1.2 0.768 

3. Results and Discussion 

The mass-transfer coefficient at outer surface of copper 

tubes was determined under different conditions from the 

recirculating batch reactor material balance equation [19-20]: 

�Q ��
�� � kAC                                 (1) 

which upon integration yields: 

Q ln �ₒ
� � � kAt                              (2) 
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Figure 2 shows a typical plot of ln �ₒ
� � versus t; the mass-

transfer coefficient under different conditions was calculated 

from the slope kA/Q. 

 

Figure 2. Atypical plot of ln(cₒ/c) versus time at different solution velocities 

(packing particle diameter 1 cm, tube height=20 cm). 

Figure 3 and Figure 4 show the effect of the solution velocity 

on the mass transferat different packing sizes and different 

copper tubes active heights respectively. The mass transfer 

coefficient can be related to solution velocity by the equation: 

k � V�.��                                   (3) 

The increase in the mass transfer coefficient with 

increasing solution velocity may be attributed to the higher 

degree of turbulence resulting from boundary layer 

separation as the uprising solution crosses the Raschig rings 

surrounding the vertical tubes, these turbulences reduce the 

diffusion layer thickness and increase the mass transfer 

coefficient kk � D δ� � [13]. In a previous study by M. H. 

Abdel-Aziz, et al [10] who studied the rate of mass transfer 

of wall of a fixed bed reactor packed with Raschig rings 

found that the mass transfer coefficient at the inner wall of a 

fixed bed reactor is proportional to the solution velocity to 

power n where n ranges from (0.63 to 0.73) depending on 

packing geometries, which is consistent with the present 

results. 

Figure 3 shows that for a given solution velocity the 

smaller the packing size, the higher the mass transfer 

coefficient. This is attributed to the fact that as the particle 

size decreases the bed porosity decreases (Table 1) with a 

consequent decrease in the area across which the solution 

flow. According to the continuity equation the interstitial 

velocity increases with a consequence increase in the mass 

transfer coefficient at the vertical tubes. Figure 4 shows that 

for a given solution velocity the mass transfer coefficient 

decreases slightly as the copper tubes active height increases. 

This is because increasing the tubes height causes an increase 

in the developing velocity boundary layer and concentration 

boundary thickness along the tubes surface, as a consequence 

the mass transfer coefficient decreases. 

 

Figure 3. Effect of solution velocity on the mass transfer coefficient at 

different packing particles diameter. 

 

Figure 4. Effect of solution velocity on the mass transfer coefficient at 

different tube heights. 

Figure 5 shows the effect of the solution velocity on the 

mass transfer coefficient at different surfactant (Triton X-

100) concentrations. The mass transfer coefficient decreases 

with increasing surfactant concentration. Table 2 shows 

the % reduction in the rate of mass transfer at different 

solution velocities and different surfactant concentration. 

The % reduction ranges from 7.53 to 36.16 depending on the 

solution velocity and surfactant concentration. The reduction 

might be attributed to the increase in the interfacial solution 

viscosity [21] as a result of adsorption of the surfactant 

molecules on the outer tube surface; the increase in 

interfacial viscosity gives rise to a corresponding decrease in 

the effective diffusivity of the reacting ion according to the 

Stokes-Einstein equation (µD/T=const) [18]. Table 2 shows 

that in general the % reduction in rate of corrosion decreases 

with increasing solution velocity, this may be ascribed to the 

fact that the weakly adsorbed triton molecules are easily 

dislodged from the metal surface with increasing the shear 

stress of the flowing solution which increases with increasing 

solution velocity. The present result is consistence with 

previous studies which dealt with the effect of surface active 

agents on the rate of mass transfer [21-22]. 
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Figure 5. Effect of solution velocity on the mass transfer coefficient at 

different triton concentrations. 

Table 2. % Reduction in mass transfer coefficient at different solution 

velocities and different surfactant concentrations. 

 
Triton 100-conc, ppm 

solution velocity, cm/s 100 200 300 

0.29 19.14 26.14 36.16 

0.53 15.62 22.13 31.47 

0.86 18.99 26.03 33.72 

1.31 11.33 15.38 20.66 

2.00 7.53 10.21 15.00 

Mass transfer data correlation: 

The present mass transfer data were correlated by using 

the method of dimensional analysis. For forced convection 

mass transfer under turbulent flow conditions in fixed bed 

packed column, the mass transfer coefficient can be related to 

the governing variables by the following equation: 

k � f�µ, ρ, L, V, D, d , d!                     (4) 

Dimensional analysis leads to the following equation: 

"#
$ � a&'(#

µ )*& µ
'$)+ �,

� �
-
                    (5) 

i.e. 

Sh � aRe* Sc+ �,
� �

-
                        (6) 

The constants a, α, βand γ were determined using the 

present experimental data. Following previous experimental 

and theoretical mass transfer studies, the value of β was fixed 

at 0.33 [23]. For the present fixed bed column the data were 

correlated by plotting lnSh versus ln Re at different ring 

diameter Figure 6 and tubes height Figure 7 respectively. 

Figure 8 shows a plot of lnSh versus ln(dp/d) at different Re. 

Figure 9 shows that the present mass transfer data for the 

condition: Sc= 1044 and 148<Re<4005, 0.04< (dp/d) <.06 fit 

the following equation: 

Sh � .047Re�.��Sc�.66 �,
� �

-7�.8�
                  (7) 

with an average deviation of 8.55%. 

 

Figure 6. LnSh/Sc 1/3 versus ln Re for different Raschig rings diameters. 

 

Figure 7. LnSh/Sc 1/3 versus ln Re for different tube heights. 

 

Figure 8. LnSh/Sc 1/3 versus ln (dp/d) for different Re. 

 

Figure 9. Overall mass transfer correlation. 
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It would be of interest to compare the present mass transfer 

data with the mass transfer data at the wall of a fixed bed 

reactor packed with inert Rasching rings obtained by M. H. 

Abdel-Aziz et al [10] who correlated their mass transfer data 

for the conditions 850 <Sc< 1322 and 80<Rem<3220 by the 

equation: 

j � 1.6 Re<
7.=�                               (8) 

Where j mass transfer factor, Rem the modified Reynolds 

number (ρ V dp/µ (1-ε)) and dp is the diameter of the 

Rasching ring and ε is the bed porosity. Rearrangement of the 

eq. (8) in terms of the present dimensionless groups would 

yield the following equation: 

Sh � 1.6&1 � ε)�.��& #
�,

)�.=�Re?.��Sc�.66          (9) 

Figure 10 shows a comparison between the present vertical 

tubes data and the mass transfer data at the wall of fixed bed 

of inert Rasching rings. Figure 10 shows that the present data 

lie above the data obtained at the wall of a fixed bed reactor 

[10]. this is may be ascribed to the fact that the present tubes 

array occupies higher space than the space that would be 

occupied by Raschig rings i.e. the presence of the array 

decreases the available flow area by an amount larger than 

done by Raschig rings. As a consequence the interstitial 

solution velocity and the mass transfer coefficient will be 

higher in case of the present internal tubes array cooler. 

 

Figure 10. Comparison of the present vertical tubes data and the fixed bed 

wall data. 

4. Conclusions 

The diffusion controlled corrosion of an auxiliary cooler 

consisting of an array of vertical tubes distributed all over the 

wall of packed bed reactor containing inert Raschig rings was 

studied as a function of the different parameters. The 

dimensionless mass transfer equation obtained in the present 

study serve the following useful purposes: 

a. Prediction of the rate of diffusion controlled corrosion 

tubes array cooler and hence the corrosion allowance 

needed in the design stage of the reactor and its 

accessories. 

b. By the virtue of the analogy between heat and mass 

transfer the present dimensionless mass transfer 

equations can be used to predict the outside heat 

transfer coefficient of the vertical tube cooler, the 

outside heat transfer coefficient is used to calculate the 

overall heat transfer coefficient of heat transfer needed 

to calculate the rate of cooling. 

Future studies should deal with the effect of other packing 

geometries such as cylinders and spheres on the diffusion 

controlled corrosion of vertical tube array cooling system. 

Table 3. Nomenclature. 

Nomenclature 
 

A active surface area of copper tubes, cm 

C concentration of K2Cr2O7 at time t, mol/cm3 

C0 initial concentration of K2Cr2O7, mol/cm3 

D diffusion coefficient, cm2/s 

D column inside diameter, cm 

dp packing particle diameter, cm 

j mass transfer j factor (St Sc 0.66) 

k mass transfer coefficient, cm/s 

L active height of the copper tubes, cm 

Q solution volume, cm3 

Re Reynolds number (ρVL/µ) 

Rem modified Reynolds number (ρVdp/µ(1-ε)) 

Sc Schmidt number (µ/ρD) 

Sh Sherwood number, (kL/D) 

t time, s 

V solution superficial velocity, cm/s 

ε porosity of the bed 

Μ solution viscosity, g/cm.s 

ρ solution density, g/cm3 

δ diffusion layer thickness, cm 
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