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Abstract
In an attempt to obviate the costly and protracted separation of final products from powdered catalyst particles in stirred slurry catalytic reactors, the electrochemical technique was used in the present study to determine mass transfer in a stirred vessel equipped with different baffle configurations placed at the tank bottom. Additionally, the effect of baffle tube diameters, as well as the impeller speed and geometry were examined. Mass transfer data obtained were correlated using the governing dimensionless groups from which heat transfer rates can be deduced by analogy. Results revealed the merits of using tubular baffles in terms of mass transfer and consequently heat transfer enhancement. Besides acting as a catalyst support where liquid-solid diffusion-controlled catalytic reactions, electrochemical reactions, photochemical reactions, and immobilized enzyme-catalyzed biochemical reactions take place, a tubular baffle can act also as a built-in cooler, in case of highly exothermic reactions to avoid hot spots and catalyst deactivation.
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1. Introduction
Stirred slurry reactors are widely employed in industry for the production of petrochemicals, pharmaceuticals, food products, and fine chemicals, moreover, in wastewater treatment [1-3]. Despite the high area per unit volume of the reactor, its performance is limited by the following adverse effects [4]:
i. High costs of filtration or centrifugation to separate the final product from the small-sized catalyst.
ii. Low mass and heat transport coefficients owing to the low relative velocity between the catalyst particles and the solution.
iii. Possible shear degradation of the shear-sensitive biocatalyst in the highly turbulent zone of the impeller may take place in the case of biochemical reactions.
iv. Erosion of the catalyst particles through collision with themselves and with the rotating impeller.
Previous studies tried to avoid the above drawbacks by developing new reactors such as placing the catalyst particles in a rotating basket [5], supporting the catalyst on a rotating inert surface such as the monolithic catalyst stirrer reactor [6], the foam stirrer reactor [7], supporting the catalyst on a fixed bed located at the bottom [8] or at the wall [9] of the agitated vessel, and the spinning disc reactor [10]. The present work is an attempt to overcome the shortcoming of the stirred slurry reactor by supporting the catalyst on a disc, located at the stirred tank bottom, away from the impeller’s intensive shear zone. To improve the mixing efficiency, the disc was fitted with a cruciform horizontal tubular baffle made of four arms, each arm consists of two tubes, one above the other (Figure 1 (ii)). Besides improving the degree of mixing, the horizontal tubular baffle can serve as a catalyst support, moreover, it can act as a built-in cooler (by passing cold water through the baffle tubes) to absorb excess heat generated from highly exothermic reactions which may deactivate the catalyst. To the best of the authors knowledge, this is the first detailed study investigating mass and heat transfer at a horizontal tubular bottom baffle. The well-known electrochemical technique was used to assess the rate of liquid-solid mass and heat (by analogy) transfer at the combined disc with a horizontal tubular baffle. [11]. Although abundant research has been conducted on vertical baffles' influence on heat and mass transport rates in agitated vessels [12-14], little has been done on the influence of horizontal baffles on the performance of agitated vessels despite their merits [15, 16]. Zinzuwadia [15] highlighted the higher mass transport rates with 30% lower energy at horizontal plate baffles in agitated vessels than vertical ones under a given set of conditions. Additionally, Foukrach and Ameur [17] found that curved baffles consume less energy than plate baffles.
The present heat exchanger/reactor can be exploited in conducting exothermic liquid-solid catalytic restricted by diffusion reactions, immobilized cell (or enzyme) biochemical reactions, photocatalytic reactions, and electrochemical reactions. Apart from liquid-solid reactions, the current stirred tank reactor, with a bottom cooling system, can also be used in conducting highly exothermic liquid-liquid reactions such as sulphonation, nitration, polymerization, and oxidation of organic compounds [18]. In the case of large diameter stirred tank reactors used in conducting these processes, the vertical cooling jacket surrounding the vessel may not be sufficient to cool the reactor because of the low cooling area of the jacket per unit volume of the solution. In this case, placing a supplementary cooling tubular baffle at the bottom of the vessel along with a cooling jacket around the bottom would be a valuable asset to avoid runaway reactions.

2. Materials and Method
2.1. Experimental setup
The present experimental setup, shown in Figure 1, consists of a cylindrical Plexiglas container with a length and a diameter of  and , respectively. This container's inner wall was lined with a cylindrical stainless-steel sheet. acting as the cell anode while different cathode configurations were made of nickel-plated copper and placed on the tank bottom. Figure 2 exhibits a schematic diagram of each of the three configurations of the cathode examined in the present study. Three different diameters of the tubular cruciform baffle were employed: ,, and, with each arm of the tubular cruciform baffle measuring  in length (the length of both arms was  as shown in Figure 1).
A  pitched four-blade turbine (axial flow impeller) or a  flat four-blade turbine (radial flow impeller) were used for liquid stirring. Each impeller was  in diameter and was distant from the reactor’s base by . The specifications of the present agitated vessel (for example, impeller diameter and clearance) are consistent with agitated vessel design requirements [13]. Both impellers were attached, via a  cm in diameter shaft, to a (horsepower) motor connected to an electronic regulator to allow varying the impeller rotational speed, which in this study ranged from  to  r.p.m. To inhibit the eccentric motion and vibration, the motor was securely anchored against a brick wall. Epoxy glue was used to isolate the turbines and shafts.
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	Figure 1. Experimental setup and electrical circuit
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	(i) Horizontal Disc
	(ii) Horizontal tubular baffle
	(iii) Combined disc with baffle

	Figure 2. Horizontal tubular baffles configurations used in the present study



2.2. Experimental technique
Considering its straightforwardness and accurateness, the electrochemical technique has been exploited in previous heat and mass transport studies in agitated vessels [19-21]. Therefore, it was implemented in the present study for mass transport measurements. The crucial step in this technique is to gauge the limiting current associated with the cathodic ferricyanide “” reduction to be converted into ferrocyanide “” from solutions containing a surplus of  [11]. The following reduction-oxidation (redox) reactions occur throughout experiments:

During all experiments, the concentration  of ferricyanide in the bulk solution remains constant owing to these redox reactions. The cell is comprised of an anode made of stainless-steel cylindrical sheet lining the reactor’s inner wall and a nickel-plated copper cathode located at the reactor’s bottom. The cathode was either a disc, tubular baffle, or combined disc and baffle, as shown in Figure 2. A digital ammeter and the pre-mentioned cell were connected in series with a   power supply which has a voltage regulator, while a digital voltmeter was connected in parallel with the pre-mentioned cell to gauge its voltage. To ensure that transport of mass during the cathodic reduction of is carried out by convective diffusion, large excess  was provided to the solution to perform as a supporting electrolyte to minimize the transport of  by electrical migration. Under these circumstances, the analogy between the transfer of heat and mass turns out to be applicable [11]. 
2.3. Experimental procedure
The aqueous solution containing sodium hydroxide and potassium ferro-ferricyanide was prepared before each run using A.R. grade chemicals and distilled water. Data correlations require the properties of the solution (i.e., density, viscosity, and diffusivity), which were obtained from the literature [22, 23] and listed in Table 1. The motor was turned on when the container was filled with the prepared solution, and an electronic regulator was used to set the turbine rotational speed. Afterward, the limiting current associated to the cathodic reduction of  was reached by gradually raising the voltage and determining the associated cell current until reaching a limiting current plateau (a sample is shown in Figure 3).  The high anode/cathode area ratio as well as the high ferro/ferricyanide concentration ratio in this study allowed using the anode as a reference electrode (against which the potential of the cathode was gauged). This eliminates the requirement for an external electrode to act as a reference electrode in the cell which may disturb the flow pattern [11]. The differences between the duplicate runs ranged from  to .

Table 1. Physical properties of the aqueous solution containing sodium hydroxide potassium and ferro-ferricyanide
	Composition
	Properties

	



 
	 
	

	
	 
	

	
	 
	

	
	
	




3. Results and discussion
The limiting current values which were obtained at the plateaus of the current-voltage curves (a sample is shown in Figure 3) were used to calculate the values of the coefficient of mass transport () at each condition in this study from the equation [11]:
	
	(1)
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Figure 3. A sample of polarization data at different speeds of rotation of a radial flow turbine at a combined disc with baffle

Figure 4 shows the impact of impeller rotational speed on the coefficient of mass transport at the disc placed at the bottom of the agitated vessel without horizontal baffles, the data for the axial flow turbine and radial flow turbine fit the next equations respectively:
	
	(2)

	
	(3)



In the absence of baffles, impeller rotation produces a flow field where the tangential velocity component (swirl flow) predominates over axial and radial velocity components [13, 24]. Figure 4 also shows that for a given speed of rotation of the impeller, the radial flow turbine produces a higher rate of mass transport than the axial flow turbine. Despite the dominance of swirl flow at the bottom disc in the case of radial and axial turbines, a weak characteristic flow pattern exists in the situation of axial and radial flow turbines, which affects the rate of mass transport differently [25]. The axial flow turbine discharge the fluid in the downward direction towards the disc at an angle ranging from to from the horizontal [26] i.e. the peripheral parts of the disc receive most of the flow while the central area meets little solution. In the situation of the radial flow turbine, the discharged stream split at the wall into a going up stream and a going down stream, the downward stream flows horizontally over the disc after leaving the wall and then rises back to the radial flow turbine when it reaches the central zone of the disc. During this journey, a mounting hydrodynamic boundary layer accompanied by a diffusion layer are formed starting from the vessel wall to the central zone. As the solution rises up to the impeller at the center, separation of the boundary layer and turbulence formation takes place with a consequential upsurge in the mass transport rate [13]. Furthermore, as radial flow consumes higher energy than its counterpart the axial flow, for an identical speed of rotation [13], it follows that radial flow would produce higher mass transport rates according to Calderbank and Moo-Young equation [27], which is relating the coefficient of mass transport  to the specific energy consumption  under turbulent flow for dissimilar transfer surface geometries by the equation:
	
	(4)


To put it another way, the larger the energy content of the radially discharged stream, the larger its momentum and accordingly its capability to increase the rate of mass transport.
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Figure 4. Impact of the speed of rotation (of axial and radial flow turbines on the mass transfer coefficient (at the horizontal disc (alone)
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	Figure 5. (a) Axial-flow pattern with a pitched blade, (b) Radial-flow pattern with a flat blade






A comparison (shown in Figure 6) was made between the present reactor disc data and related earlier studies on mass transfer at the base of agitated vessel conducted to simulate dialysis across a horizontal membrane in a stirred vessel. In those related studies the rate of mass transfer was determined by measuring the rate of dissolution of a horizontal disc of benzoic acid in water [28-30], only the data of Kaufmann and Leonard [29] were obtained using two stirred compartment dialyzer, the two compartments were separated by a membrane. The present data lie below the data of other authors probably because:
i. The benzoic acid dissolution technique gives an exaggerated rate of mass transfer because of the attrition of benzoic acid particles and the development of surface roughness which increases the actual area of the transfer surface and induces turbulence [31].
ii. Although the present work adopted the standard design dimensions of agitated vessels [24] where the clearance between the disc and the rotating impeller was fixed at, other authors used lower distances. Heat and mass transport at the bottom disc depends on the distance between the rotating impeller and the bottom disc, and the ratio between impeller diameter and disc diameter [28]. These parameters affect the angular velocity of the inviscid core near the fixed disc which may be smaller than the rotating impeller angular velocity (. According to Colton and Smith [28], the angular velocity of the fluid near the fixed disc is given by where is an adjustable parameter that ranges from to depending on the impeller disc separation and the ratio between impeller diameter and disc diameter, the lower the impeller disc separation the higher the value of [28]. The discrepancy among different authors (Figure 6) may be also ascribed to the difference of other experimental conditions such as the range of ,  and impeller geometry (Table 2).
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	Figure 6. Comparison of the present data of the horizontal disc with previous studies conducted on the flat bottom of cylindrical agitated vessels






Table 2. Experimental conditions used by different authors who studied the transport of mass at the flat bottom of cylindrical agitated vessels
	Experimental conditions
	Present study
	Colton & Smith [28]
	Kaufmann & Leonard [29]
	Marangozis & Johnson [30]

	 range
	 
to
 
	 
to
 
	 
to

	 
to


	 range
	
	
	 to 
	 to 

	Impeller geometry
	 pitched four-blade turbine
 flat four-blade turbine
	Four-blade paddle impeller
	Two  flat four-blade turbine
	Six-blade
 flat four-blade turbine

	Technique
	Electrochemical technique
	Dissolution of benzoic acid
	Dialysis
	Dissolution of benzoic acid

	Clearance (distance between impeller and bottom, cm)
	
	
	
	

	Baffles presence
	Unbaffled
	Unbaffled
	Unbaffled
	Unbaffled



A comparison between the different values of mass transport coefficient at a bottom disc (alone), a horizontal tubular baffle (alone), and a combined disc with a horizontal baffle using axial and radial flow turbines is shown in Figure 7. The data show that the coefficient of mass transport at the horizontal tubular baffle (alone) is higher than that at the horizontal disc (alone) or the combined disc with a tubular baffle. The intensification in the rate of mass transfer over the disc value caused by the presence of the horizontal tubular baffle may be attributed to the conversion of a considerable part of the tangential velocity component to the more influential axial and radial velocity [13, 24], these components form a short developing hydrodynamic boundary layer on the front portion of the baffle tubes tailed by an eddy wake creation on crossing the baffle tubes [24], i.e. the horizontal tubular baffle acts a turbulence promotor.
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	Figure 7. Impact of the rotational speed of (a) an axial flow turbine (b) a radial flow turbine on the coefficient of mass transport at different reactor configurations




Since the current work aims to develop a reactor suitable for catalytic biochemical reactions, the volumetric mass transport coefficient becomes more important than  Figure 8 shows the volumetric mass transport coefficient for the three reactor geometries under various speeds of rotation of the impeller within the two different flows (axial and radial). It is obvious that the combined disc with baffle produces higher volumetric mass transfer coefficients than the disc alone or baffle alone.
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Figure 8. Impact of (a) axial flow impeller speed and (b) radial flow impeller speed on the volumetric coefficient of mass transport at different reactor configurations

The effects of  and  on  should be determined first in order to establish an overall correlation of mass transfer for the combined disc with a baffle in respect of the dimensionless groups:,,and . Figures 9 and 10 show the effect of  and  on at the combined disc with baffle for the two types of impellers.
For the axial flow turbine, data fits the following formula:
	
	(5)

	
	(6)




For the radial flow turbine, data fits the following formula:
	
	(7)

	
	(8)


Figure 11 (a) reveals that the present axial flow turbine data, for the conditions , and , fit the following equation with an average deviation of :
	
	(9)


Figure 11 (b) reveals that the present radial flow turbine data, for the identical predefined conditions, suit the following equation with an average deviation of :
	
	(10)


In obtaining equations (9), (10), the  exponent was fixed at the value  tracking earlier theoretical and experimental research in mass and heat transfer [11, 32]. The present  range under which equations (9) and (10) are valid lies in the turbulent flow region () [33].
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	Figure 9. Impact of baffle tube diameter () on  at the combined disc and baffle at different speeds of rotation of (a) an axial flow impeller and (b) radial flow impeller
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Figure 10. Impact of  on  at the combined disc and baffle at different baffle tube diameters using (a) an axial flow impeller and (b) radial flow impeller
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	Figure 11. Overall mass transport correlation of combined disc and baffle using (a) axial flow impeller and (b) radial flow impeller




The current mass transfer equations might be exploited to predict the coefficient of the transfer of heat at the external surface of the combined disc with a horizontal tubular cruciform baffle owing to the heat and mass transport analogy, which has been validated by different authors' studies on agitated vessels [14]. Equation () or () can be used to obtain the approximate coefficient of heat transfer for a given state by substituting  and  with  and , respectively.
In the case of the coupled disc with tubular cruciform baffle, Equations 9 and 10 as well as Figure 12 indicate that the turbine that generates radial flow provides larger rates of mass transport than the turbine that generates axial flow under otherwise identical conditions. An argument parallel to that employed in the situation of the horizontal disc alone can be used to explain this outcome.
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	Figure 12. Comparison between the axial and radial flow impellers in terms of mass transfer coefficient at a combined disc with baffle



3.1. Evaluation of the present reactor in terms of energy consumption
The value  is a reasonable criterion for evaluating the three geometries of the reactor that have been studied in the present work. The specific energy consumption  was calculated from the equation:
	 Mechanical energy consumption (W)Mass of the solution (kg)
	(11)


The solution mass was calculated from the equation:
	Solution mass    Solution height 
	(12)


Mechanical energy consumption of the motor was measured using a wattmeter [34]. Figure 13 shows that the value of  is higher for the combined disc with baffle than the separate disc and the separate baffle at different impeller rotation speeds in both axial and radial flows i.e. the energy utilization efficiency of the combined disc and baffle is higher than the separate disc or baffle, this result lends support to using the combined disc and baffle in designing a cost-effective catalytic stirred tank reactor, immobilized cell (or enzyme) biochemical reactor and electrochemical reactor suitable for electro organic synthesis and electrochemical wastewater treatment. The tubular baffle alone [35] is suitable for designing photocatalytic reactors, in this case, the double tube cruciform can be made of four tubular UV lamps coated with  catalyst, such a reactor is suitable for conducting photocatalytic reactions (restricted by diffusion) such as the destruction of organic toxic water pollutants [36, 37].
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	Figure 13. Values of  for different reactor configurations at different rotational speeds and different impeller geometries




The comparison between the present data (at the three cathode geometries) and the prediction of Calderbank and Moo-Young (equation 4) in Figure 14 revealed that the present data for horizontal tubular baffle agree fairly with the prediction of Calderbank and Moo-Young equation which suggests that the flow field at the baffle is highly turbulent while those at the disc alone or the combined disc with baffle are less turbulent. The low degree of turbulence at the combined disc with baffle is useful for biochemical immobilized catalysts as it ensures the safety of the biocatalyst located at the bottom zone from mechanical degradation.
	[image: ]

	[image: ]

	Figure 14: Coefficient of mass transport () versus energy dissipation () for each bottom configuration compared with the data calculated from Calderbank & Moo-Young equation [27].




Figure 15 shows that the power number () for axial and radial flow turbines are ,  Respectively. The higher  for the radial flow turbine is consistent with the previous studies conducted using vertical baffles [13].
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	Figure 15: Power number () versus Reynolds number  for a horizontal tubular cruciform baffle, using both axial and radial flow turbines



4. Conclusions
The current research has shown that a stirred tank fitted with a horizontal combined disc and horizontal tubular cruciform baffle located at the base of the reactor has the potential to function satisfactorily as a catalytic reactor, including biochemical reactors and photocatalytic reactors, where the catalyst is supported on the combined disc and baffle. The reactor is designed for diffusion-controlled liquid-solid exothermic processes that require rapid cooling. In biochemical reactors, placing the catalyst at the bottom of the tank, away from the impeller's high shear zone, would safeguard the biomass from mechanical deterioration. In the situation of the reactions which are characterized as extremely exothermic, using the baffle tubes as an internal cooler may protect the catalyst from thermal deactivation by hot spots. The current reactor overcomes the weaknesses of traditional stirred slurry reactors, the mainly significant of which is the time-consuming and costly separation of end products from catalyst particles. The current mass transport correlations can be used to scale up and operate the proposed reactor in practice. These correlations can forecast the cooler's outer side heat transfer coefficient after substituting  and  with  and , respectively, thanks to the heat and mass transport analogy. The current reactor can also be utilized as an electrochemical reactor for electro-organic synthesis which is constrained by diffusion, where temperature control is critical for achieving high yields and selectivity. In the case of large diameter stirred tank reactors used to execute extremely exothermic liquid-liquid reactions, the current bottom cruciform tubular baffle can be utilized as a complementary cooler in conjunction with a cooling jacket. The present design's multifunctional nature (baffle, catalyst support, and cooler) necessitates additional future research, such as the impact of gas sparging on heat and mass transport rates in three-phase (gas-liquid-solid) reactions and the impact of superimposed flow on heat and mass transport rates in continuous stirred tank reactors.
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