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ABSTRACT  

Aromatic compounds are considered the building block for petrochemical industries. In this 

study, a new pilot-scale counter-current modified spray column was designed and constructed 

for extracting aromatic compounds from reformate-heavy naphtha (RHN) using furfural as 

solvent. RHN and furfural were provided by Al-Dora Refinery in Iraq. The new design included 

a rotor added to the conventional spray column. The effects of solvent-feed ratio (S/F) (0.25-2) 

and rotor speed (0-1000 rpm) were studied. The extraction efficiency and Sauter mean diameter 

(d32) were investigated experimentally and modeled by dimensional analysis. The 

experimental results showed that the extraction efficiency varied significantly with rotor speed 

and S/F ratio recording 96.5% without plate, and 92.5% with plate at 0 rpm rotor speed. The 

experimental results also showed that d32 values ranged from 0.0025 m to 0.0055 m, 

corresponding with changes in efficiency. Depending on the experimental results, a correlation 

was derived for the efficiency and d32 based on the effective dimensionless numbers in the 

system. The modeling results demonstrated that Reynolds (Re) and Weber We numbers were 

the most effective dimensionless groups that affected the extraction efficiency and d32 values. 
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1. INTRODUCTION 

Petrochemicals are chemicals derived from refining petroleum. Olefins and aromatics are 

essential to petrochemical industries, developed the basis for a wide range of materials like 

solvents, detergents, and adhesives. Polymers and oligomers used in fibers, plastics, elastomers, 

gels, resins, and lubricants are based on olefins. Aromatics, with benzene, toluene, and xylenes 

(BTX), are primarily obtained from by solvent extraction from reformate naphtha from catalytic 

reforming. Benzene is used in the production dyes and synthetic detergents. Polyurethanes are 

produced from benzene and toluene. Xylene is key for plastics and synthetic fibers (Matar and 

Hatch, 2001). Extraction of aromatic compounds from oil fractions enhances the oil’s chemical 

stability and viscosity index, confirming it performs reliably at different temperatures. Liquid-

liquid extraction (LLE), commonly used to separate two immiscible liquids, often presents 

challenges. The process becomes tricky when the liquids have similar densities, viscosities, and 

surface tensions. Impurities like solids or other liquids can also complicate the extraction 

(Hoseini et al., 2009). Removing aromatic components from oil fractions involves using a 

suitable solvent, (Ferro et al., 2015). For effective extraction, the solvent must have high 

capacity and selectivity for aromatic hydrocarbons. These properties vary with temperature and 

solute composition. Several studies have examined different solvents to find a suitable one for 

efficiently separating aromatics from oil cuts (Amani et al., 2017; Idrees et al., 2019; Mostafa 

et al., 2019).  

Furfural is widely used solvent in aromatic extraction from oil cuts, due to its exact balance of 

selectivity and capacity. It efficiently targets aromatic hydrocarbons with the necessary solvent 

power, making it an excellent choice for this separation process (De Lucas et al., 1993). Unlike 

other solvents, furfural retains its selectivity even as the temperature increases, making it 

effective for light and heavy oil cuts (Kumar and Mohan, 2011). Extractors are classified by 

phases dispersion and countercurrent flow, with main types include mixer-settlers, columns, 

and centrifugal contactors (Law and Tood, 2008). Equipment like mixer-settlers, packed 

columns, pulsed columns, and spray columns enhances mass transfer for efficient separation. 

Industries prefer extraction columns for their stable operation and high stage efficiency. Non-

mechanically agitated extractors, such as spray and packed columns, perform well due to larger 

drop sizes, despite a smaller interfacial area. Mechanically agitated extractors, like rotating disc 

columns (RDC), achieve high stage efficiency with a larger interfacial area, though their overall 

performance may be lower (Ghorbanian et al., 2011; Dash and Mohanty, 2019). 

Liquid-liquid extraction, a common separation technique in process industries, involves 

transferring a solute between droplets of one liquid phase and the bulk of another immiscible 
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liquid phase. Researchers often study the steady movement of droplets to understand these 

systems better. Spray columns are the simplest liquid-liquid extraction columns (Salimi-

Khorshidi et al., 2013). Non-mechanically stirred columns are valued for their simplicity, 

affordability, and versatility. They provide a cost-effective way to test mass transfer models. 

Spray columns, among the most basic extraction units, manage dispersed phase droplets in three 

distinct configurations: dispersed, constrained, and compact (Sovilj, 2012).  

Varfolomeev et al. (2000), explored the average drop size (d32) and dispersed holdup in spray 

columns with various packing types: loose, close, and turbulized. Their results enhance the 

understanding of drop dynamics and holdup, offering important insights for improving 

industrial extraction processes. An artificial neural network (ANN) effectively modeled the 

extraction of aromatics from lube oil in a rotating disc contactor (RDC), highlighting its 

effectiveness in complex chemical processes (Mehrkesh et al., 2011). 

A new model was developed to predict the average drop size in a spray extraction column. The 

study found that the Eotvos number had the most impact on drop size, with a prediction error 

of 8.1% (Ghorbanian et al., 2011). A novel ionic liquid, N-butyl-N-methyl-2-oxopyrrolidonuim 

bromide, efficiently extracted benzene, toluene, ethylbenzene, and xylene (BTEX) from 

reformate in oil refining. The study demonstrated that this ionic liquid had greater extraction 

efficiency than traditional solvents, providing a sustainable and more effective separating 

method (Bahadue et al., 2014). A mathematical model examined the extracting of aromatic 

hydrocarbons from aliphatic compounds using ionic liquids in a rotating disc extractor (RDC). 

The results indicated that higher solvent flow rate and extraction temperature enhanced de-

aromatization, while rotor speed had a minimal impact (Toghyani and Rahimi, 2017). Saien 

and Jafari (2019) reviewed Liquid-liquid extraction utilizing drop technology, incorporating 

chemical additives such as nanoparticles, salts, and surfactants. Their study provided valued 

insights into enhancing extraction efficiency and process intensification.  

A rotating packed bed utilizing centrifugal force was employed to augment the extraction of 

hexavalent chromium ions from an aqueous solution, using aliquot-336 as the solvent. This 

methodology significantly enhanced the overall mass transfer coefficient, attaining an increase 

of 20-25-times in comparison to conventional packed beds (Karmakar et al., 2020). An existing 

extraction device was redesigned to overcome high temperature and pressure issues, allowing 

extraction to be carried out under these process intensification (Sakthithasan et al. 2023). This 

study focused on enhancing the extraction of aromatics from reformate naphtha using furfural 

as the solvent. A novel design was introduced by inserting in a conventional spray column for 

intensifying the contact between dispersed (naphtha) and continuous (furfural) phases based on 
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drop technology, the motivation align with the current trends of resource conservation, energy-

consumption, and environmental sustainability. This work provides a comprehensive 

experimental and modeling analysis, demonstrating that both Reynolds (Re) and Weber (We) 

numbers are critical in influencing the extraction efficiency and Sauter mean diameter. The 

study establishes an exclusive correlation between extraction efficiency and the presence of the 

rotor, offering critical insights for optimization spray column design in industrial processes. 

2. EXPERIMENTAL WORK  

2.1. Materials  

Reformate naphtha and furfural (98.5% purity) were provided from Al-Dora Refinery with the 

properties listed in Table 1. The materials were utilized in their original state, without any 

additional processing. 

Table 1. Physical Properties of the materials used in the work 

   Density Viscosity Molecular Weight 

Reformed Heavy Naphtha 0.731 (g/ml) 1.03 cSt 80 to 140 (g/mol) 

Furfural 1.155 (g/ml) 2.09 cSt 96.09 g/mol 

2.2. Experimental Setup 

A schematic flow diagram of the experimental setup is depicted in Fig. 1. The pilot scale of the 

modified spray column (MSC) is constructed from Perspex, with a diameter and height of 11 

cm and 75 cm respectively. This system features two input and two output flow streams, with 

flow meters installed on both input streams to ensure controlling the flow rates of the two 

phases. Two digital oil pumps were employed to introduce the phases into the column, and two 

distributors were strategically positioned within the column. The lower distributor is equipped 

with a removable rotated perforated plate driven by a DC motor. The rotational speed was 

precisely controlled using a variable electronic speed regulator, enabling precise adjustment to 

optimize flow conditions. The removable design allowed for system optimization with or 

without a perforated plate, providing flexibility to enhance mass transfer efficiency by adjusting 

drop size distribution and interfacial area for optimal performance under various conditions. 

2.3. Distributors 

2.3.1. Upper Distributor  

A stainless-steel distributor for the continuous phase (furfural) comprises two components: two 

perforated steel plates, each with a diameter of 11 cm and containing 40 holes of 3 mm in 

diameter. These plates are connected by (two plates) steel tubes, which are 5 mm in diameter 

and 5 cm in height. This configuration facilitates the distribution of the continuous phase 

(furfural solvent) and the discharge of the raffinate phase without mixing between the two 

phases in the distributor. The details of the upper distributor are shown in Fig. 2. 
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Fig. 1. The Schematic Diagram of Experimental Setup 

Fig. 2. Details of the Upper Distributor 

2.3.2. Lower Distributor 

A stainless-steel radial configuration (10.5 cm diameter) distributor has been engineered for the 

dispersed phase (RHN) at the base of the column. RHN was introduced via a nozzle system, 

consisting of 16 strategically positioned nozzles, each with a diameter of 3 mm and a length of 

ITEM NO. DESCRIPTION QTY 

1 
Upper Plate Diameter 110 MM 

Thick 2 MM 
1 

2 
Lower Plate Diameter 110 MM 

Thick 2 MM 
1 

3 
Pipe Diameter 10 MM Length 

50 MM 
16 
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2 cm, and radial tubes housing these nozzles. The distributor was equipped with a rotating 

perforated plate with a diameter of 9.5 cm (40 holes of 3mm diameter) in order to impose 

turbulence in the rising drops that formed by the nozzles. A stainless-steel shaft, with a diameter 

of 15 mm and a length of 18 cm, serves as a crucial connecting element, linking the radial 

configuration and the rotated perforated plate. This shaft is connected to a DC motor via a 

variable electronic speed regulator, allowing precise control over its rotational speed as shown 

in Fig. 3. This setup promotes efficient mixing dynamics between the dispersed and continuous 

phases within the column, enhancing the dispersion process. The direct current (DC) motor 

provides enhanced control, and the integrated variable electronic speed regulator enables fine-

tuned adjustments of the rotational speed, ensuring optimal mixing and interaction between the 

phases. 

Fig. 3. Details of the Lower Distributor 

3. PROCEDURE AND MEASUREMENTS 

In this study, the counter-current extraction occurs within a modified spray extractor designed 

to extract aromatic components from RHN by furfural via solvent extraction. The experiments 

commenced by pumping RHN from the bottom of the column at different flow rates via the 

lower distributor which turned RHN to droplets entering the column. Furfural was introduced 

at the top of the column via the upper distributor with different flow rates. The solvent-to-feed 

ratio was adjusted in the range (0.25-2) after conducting several trials. In the lower distributor, 

another variable was introduced to study, the rotor speed in the range (0-1000 rpm). Sixteen 

experiments were conducted at different S/F ratios and rotor speeds and four experiments were 

ITEM NO. DESCRIPTION Material QTY 

1 Inlet Pipe θ22x2x100 MM Stainless Steel 1 

2 Upper Plate θ105 MM Thick 1.6 MM  Stainless Steel 1 

3 Axis Diameter 10 MM Stainless Steel 1 

4 Nozzle θ6x3x20 MM Stainless Steel 16 

5 Cylindrical Body θ105x30 MM Stainless Steel 1 

6 Rotary Axis length θ7x300 MM Stainless Steel 1 

7 Perforated Plate θ95 MM Thick 3MM Stainless Steel 1 
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conducted with removing the rotor installation as shown in Table 2. These variations allowed 

for a comprehensive analysis of the impact of rotor speed and the presence of the perforated 

plate on extraction efficiency and the optimization of the design. Throughout each experiment, 

a Sony A7R IV camera was employed to photograph the droplets along the height of the 

column. These images were subsequently analyzed using ImageJ software as shown in Fig. 4 

to determine the Sauter mean diameters (d32) for each set of photos as in Eq.1. Fig. 4, provide 

real image of LLE column and the analyzed images at different S/F ratio.  

Table 2. Range of variables in experimental work (with and without plate) 

  Set No.  Solvent/Feed Ratio Rotor Speed (rpm) Plate Condition 

1 0.25 (0-250-500-1000) With plate 

2 0.5 (0-250-500-1000) With plate 

3 1 (0-250-500-1000) With plate 

4 2 (0-250-500-1000) With plate 

5 2 (0-250-500-1000) Without plate 

𝑑32 =
∑ 𝑛𝑖 𝑑𝑖3𝑁

𝑖=1

∑ 𝑛𝑖𝑁
𝑖=1 𝑑𝑖2        (1) 

Where n: is the number of drops for a specified diameter, d: is the droplet diameter, and N: is 

the number of all drops. 

After the extraction process, the extract was separated into two distinct phases: the upper was 

rich in naphtha with the aromatics removed, and the lower was rich in furfural-containing 

aromatics. The aromatic concentrations in various samples were assessed using the PONA test 

according to ASTM D-3238 (Agilent 7890A Gas Chromatography Device). Also, the surface 

tension was measured by using a Tensiometer (Sigma 703D). 

4. DIMENSIONAL ANALYSIS   

The entrainment of the dispersed phase through the continuous phase in the extraction column 

is a crucial design parameter for characterizing the hydrodynamic behavior and determining the 

quality of its performance. This study investigates the phenomenon of immiscible liquid 

entrainment by a liquid jet, which disperses drops by nozzles within the column. Empirical 

correlations were established using dimensionless parameters to predict extraction efficiency 

(E%) and Sauter mean diameter (d32). This approach involves a direct use of physical 

properties and operating variables, to develop more applicable predictions and a new model 

designed for the modified LLE column.  

Based on the experimental data, general correlations using dimensional analysis were suggested 

which were expressed as a function of the following variables: 

𝑓(𝐶𝑅𝑖. 𝐶𝑅𝑓 . 𝑑32. 𝑢𝑑 . µ𝑑 . µ𝑐 . 𝜌𝑑 . 𝜌𝑐 . 𝑑𝑁 . 𝜎. 𝑔) = 0     (2) 
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Where: 𝐶𝑅𝑖. 𝐶𝑅𝑓 are the aromatics concentrations in the raffinate (naphtha) at the inlet and the 

outlet streams, respectively (mol.L-1), ud is the dispersed phase (RHN) velocity (m.s-1), μd and 

μc are the viscosities of the dispersed and continuous phase, respectively (kg.m-1.s-1), ρd and ρc 

are the densities of the dispersed and continuous phase, respectively (kg.m-3), dN is the nozzle 

diameter (m), σ is the interfacial tension between the two phases (N.m-1), and g is the gravity 

acceleration (m.s-2). 

Fig. 4. Drops measurement and analysis: (A) Real image of the column, (B) Analysed image of 

the column, (B-1) 4.45 mm drop size, (B-2) 3.581 mm drop size, (B-3) 2.502 mm drop size, at 

different S/F ratio.    

(B) (A) 
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Eq. 2 was reformulated using dimensionless groups as follows:   

𝑓 (𝑅𝑒. 𝑊𝑒. 𝐸%.
𝑑32

𝑑𝑁
.

µ𝑑

µ𝑐
.

𝜌𝑑

𝜌𝑐
) = 0      (3) 

Where: Re and We are dimensionless Reynolds and Weber numbers, respectively. They are 

defined as follows: 

𝑅𝑒 =  
𝜌𝑑𝑢𝑑𝑑𝑁

𝜇𝑑
                   (4) 

𝑊𝑒 =  
𝜌𝑑𝑢𝑑

2 𝑑𝑁

𝜎𝑑
      (5) 

E% is the extraction efficiency which is defined as follows: 

E% =
(𝐶𝑅)𝑖−(𝐶𝑅)𝑓

(𝐶𝑅)𝑖
× 100%                                                       (6) 

It is a dimensionless value that directly measures the extraction quality. By applying the 

Buckingham Pi theorem, the following equation was obtained:  

𝐸% =  𝐶1𝑅𝑒𝐶2𝑊𝑒𝐶3         (7) 

This powerful theorem was used to reduce complex physical phenomena by grouping their 

effect in dimensionless numbers. Similarly to E%, efforts were made in this study to develop 

an empirical correlation for the Sauter mean diameter d32 in the modified LLE spray column. 

The correlation for d32 was as follows: 

𝑑32

𝑑𝑁
=  𝐶1𝑅𝑒𝐶2𝑊𝑒𝐶3        (8) 

Where C1, C2, and C3 are constants of the two empirical correlations. Later these constants 

could be obtained from the regression analysis using the least squares method (LSM) to 

minimize the sum of the squares of the differences between the predicted and the actual values, 

whereas Excel strong capability in performing LSM analysis, the model were analyzed using 

this software.  

The AARD% is the absolute average relative deviation employed to assess the error between 

experimental and predicted values for experiment numbers (n) as follows:  

𝐴𝐴𝑅𝐷% = (
1

𝑛
∑ ǀ𝑛

𝑖=1
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑌𝑖 −𝐴𝑐𝑡𝑢𝑎𝑙𝑌𝑖 

𝐴𝑐𝑡𝑢𝑎𝑙 𝑌𝑖
 ǀ) *100  (9) 

5. RESULTS AND DISCUSSION 

5.1. Effect of Solvent-to-Feed Ratio 

Fig. 5 shows the extraction efficiency as a function of the S/F ratio at various rotor speeds. It 

can be observed that the highest efficiency of about 96.5% is achieved at the highest S/F ratio 

(2) studied in this work. Further increase in the S/F ratio hindered the light phase drops from 

rising, therefore; shortening the effective length of the column that the two phases contacted 
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within as it was experienced practically. A higher solvent-to-feed ratio ensures that each drop 

is surrounded by a sufficient amount of solvent, therefore; improving mass transfer, and 

extraction efficiency. Nevertheless, increasing the s/f ratio is limited by avoiding wasting 

solvent and increasing costs. Optimizing the s/f ratio is a key to efficient and economical 

extraction. This is in agreement with Mahmoudi and Lotfollahi (2010). The amazing 

observation was that this efficiency was gained with the rotor removed. With the rotor fixed at 

zero rpm speed, the efficiency dropped to 92.5% at the same S/F ratio. This indicated that the 

presence of the rotor plate reduced the extraction efficiency even if the S/F ratio was high. The 

interpretation of this strange result suggests that the rotor plate might hinder the effective 

contact and mass transfer between the phases by imposing unnecessary turbulence. The absence 

of the plate might allow a more uniform and less obstructed flow of the phases and enhance 

overall mass transfer performance. At 250 rpm, the efficiency increased slightly from 65% to 

71% as the S/F ratio increased from 0.25 to 2. For 500 rpm and 1000 rpm, the efficiency 

remained nearly constant with values around 71-72% and 74-75%, respectively, a cross-all S/F 

ratio. 

Fig. 5. Extraction Efficiency (E%) vs. S/F Ratio at Different Rotor Speeds 

5.2. Effect of Rotor Speed 

As shown in Fig. 6, the extraction efficiency generally drops as the rotor speed increases from 

(0-1000 rpm). This may be due to increased turbulence by high rotation, causing droplets to 

coalesce reducing mass transfer effectiveness. At higher rotor speeds, efficiency decreases 

significantly, reaching a low of about 70-75% around 250 rpm. Efficiency then slightly recovers 

but remains lower than zero-speed value, around 75-80% at 1000 rpm. Higher speeds can also 

cause back-mixing and increase the number and height of transfer units. Also, increasing rotor 

speed can lead to more turbulence and higher shear rates which are accompanied by friction 

causing energy dissipation. This is in agreement with Toghyani and Rahimi (2017). 
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Fig. 6. Extraction Efficiency (E%) vs. Rotor Speed at Different S/F values. 

5.3. Effect of Sauter Mean Diameter 

Fig. 7 shows the effect of Sauter mean diameter (d32) on the extraction efficiency at different 

rotational speeds of the rotor. Drop diameter or size is a crucial parameter in the spray extraction 

column. As drops form through the nozzle, they are subjected to effects determining their age, 

size, trajectory, and whether they will coalesce with other drops or break up. The Sauter 

diameter represents the mean diameter that the design and operation of the spray column depend 

on. By observing the figure, at 0 rpm (i.e. without rotor rotation) the extraction efficiency 

decreases sharply from around 93% to 80% as d32 increases from 0.0025 m to 0.0055 m. As 

the rotational speeds increased in the order (250,500, 1000 rpm) the extraction efficiency did 

not show a significant drop in performance, maintaining around 65-75% even when the drop 

size increased. This indicates that higher rotational speeds help stabilize the extraction 

efficiency despite variations in drop size. 

Fig. 7. Extraction Efficiency (E%) vs. d32 at Different Rotor Speeds 
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5.4. Analyzing Extraction Efficiency Models  

Five correlations were suggested to predict the extraction efficiency (E%) in a modified spray 

column and to represent the actual system. Four of these models took the rotor effect into 

account, while one did not. Each model showed different coefficients and exponents for 

Reynolds (Re) and Weber (We) numbers. The models are assessed based on various statistical 

metrics including R², Adjusted R², Standard Error, t-statistics, P-values, and F-values, as shown 

in Table 3. The table highlights the performance of various models using parameters like Re 

and We numbers. Model 4, represented by the equation of efficiency (E%), demonstrated the 

highest reliability within R2 of 0.991, an Adjusted R2 0f 0.975, a standard error of 0.175, and 

an F-value of 61.39. This model’s coefficients showed high statistical significance with a P-

value of 0.00535 for C1, 0.164 for C2, and 0.116 for C3. In comparison. Model 1, given by E%, 

had an R2 of 0.986 and an R2 adj. of 0.960, with a standard error of 1.457 and an F-value of 

37.87. Despite its high R2, the standard error was larger than that of Model 4, indicating less 

precision. Models 2 and 3 in Table 3, highlight different approaches to predicting extraction 

efficiency in a modified spray column. Model 2, achieved an R2 of 0.984 and an adjusted R2 of 

0,954, with a standard error of 0,42 and an F-value of 32.3. in contrast, model 3, showed a 

slightly lower R2 of 0,96 and R2 adj. of 0.88, but had a notably lower standard error of 0.081 

and an F-value of 12.18.  Model 5, was the least reliable, with an R² of 0.907, an Adjusted R² 

of 0.72, a standard error of 3.912, and an F-value of 4.89, showing lower overall significance 

and fit compared to the other models.  

Model 4:                             (𝐸%) = 0.737 𝑅𝑒−0.21438 𝑊𝑒305.6 

In this model, Weber number seemed to have significant effect on the efficiency through its 

high exponent. Thus, interfacial tension around drops played an important role in mass transfer 

between phases rather than inertial forces represented by Reynolds number. To explain the 

negative exponent of the Reynolds number in the extraction efficiency correlations, it is well 

known that higher turbulence, represented by higher Reynolds numbers, results in smaller drop 

sizes. This is consistent with the physics of fluid breakup where higher inertial forces break the 

droplets into smaller sizes. Smaller drops can enhance mass transfer rates due to the higher 

surface area available for transfer. This discussion can interpret the good matching between the 

predicted and actual values. This is in agreement with Ghorbanian et al., (2011). The predicted 

extraction efficiency values, by Model 4, versus the actual values are depicted in Fig. 8 which 

shows a good matching between them that demonstrates the predictive model in estimating 

extraction efficiency.   
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5.5. Statistical Analysis of Droplet Size Models 

Table 4 summarizes the performance of three models predicting the Sauter mean diameter (d32) 

based on Reynolds (Re) and Weber (We) numbers. Model 3 exhibited the highest predictive 

accuracy, highlighting the superiority of predicting d32. Model 3 demonstrated the highest 

reliability with an R² of 0.999, the lowest standard error of 1.23776E-05, and the highest F-

value of 16173.4053, indicating it as the best fit for predicting d32 with the given parameters. 

Fig. 9 shows the predicted values of d32 with the actual ones. The high degree of alignment 

between predicted and actual values underscores the reliability and accuracy of the model in 

predicting the Sauter mean diameter in the given liquid-liquid extraction system. 

Fig. 8. Predicted Extraction Efficiency E% vs. Actual E% 

Model 3:                            (
𝑑32

𝑑𝑁
) = 0.0076 𝑅𝑒−0.0002 𝑊𝑒0.0867 

In this model, the two exponents of Weber and Reynolds numbers are fractions that indicate 

less effect on the Sauter mean diameter. Namely, the designed diameter of the nozzle has the 

most significant effect. This conclusion is supported by literature by Ghorbanian et al., (2011). 

Again, the negative sign of the Reynolds number confirmed its reversal effect on the Sauter 

mean diameter.   
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Fig. 9. Predicted Sauter Mean Diameter, d32 vs. Actual d32 

Table 5, presents a summary of the Average Absolute Relative Deviation (AARD%) for 

different models, which is a measure of the accuracy of these models. The AARD% for the d32 

model is lowest in model 3 at 0.135%, indicating the highest accuracy for predicting drop size. 

Model 2, however, shows a higher AARD% at 7.61%, suggesting less accuracy for drop size 

predictions. For the E% model, Model 3 again demonstrates the lowest AARD% at 0.0496%, 

confirming its reliability in predicting extraction efficiency. Model 5 has the highest AARD% 

for the E% model at 1.94%, indicating it is the least accurate among the models evaluated. 

Models 1 and 4 show intermediate accuracy with AARD% values of 0.782% and 0.106% 

respectively for the E% model. These results highlight the varying performance of each model 

in accurately predicting both drop size and extraction efficiency.  

Table 5. AARD % 

Model AARD%-d32 model AARD%-E% model 

Mode 1 3.54 0.782 

Model 2 7.61 0.271 

Model 3 0.135 0.0496 

Model 4 - 0.106 

Model 5 - 1.94 

6.  CONCLUSION  

A modified (LLE) spray column was designed and constructed to extract aromatic compounds 

from reformate naphtha using furfural solvent. The effects of the solvent-to-feed ratio and the 

rotor speed were investigated. The results showed that a limited increase in the S/F ratio 

enhanced the extraction efficiency. On the contrary, higher rotor speeds generally reduce 

extraction efficiency due to increased turbulence and phase coalescence, which diminish mass 

transfer effectiveness. Removing the rotor installation enhanced the extraction efficiency 

further recording the highest value of 96.5% at 2 S/F ratio. Five mathematical models based on 
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dimensional analysis were suggested to predict the extraction efficiency and Sauter mean 

diameter. The statistical analysis showed that Model 4 ((𝐸%) = 0.737 𝑅𝑒−0.21438 𝑊𝑒305.6) 

was the most reliable one to predict the extraction efficiency due to its highest F-value and 

lowest standard error. This model effectively incorporates Reynolds (Re) and Weber (We) 

numbers, highlighting their importance in predicting extraction efficiency (E%). The 

correlation between predicted and actual efficiency values shows a strong positive relationship, 

affirming the accuracy of the predictive models.  

Model 3 ((
𝑑32

𝑑𝑁
) = 0.0076 𝑅𝑒−0.0002 𝑊𝑒0.0867) exhibited the highest predictive accuracy for 

d32. This model shows less significant effects of both Weber and Reynolds numbers with the 

likeliness of being the designed nozzle diameter more effective.    The findings emphasize the 

importance of optimizing operational parameters, such as rotor speed and S/F ratio, to enhance 

extraction performance. The developed models demonstrate high accuracy and reliability, 

offering valuable tools for improving LLE processes in industrial applications. 
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