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Abstract.  The treatment of oil-contaminated industrial wastewater remains a critical environmental and economic 
challenge. This study presents a comprehensive hydrodynamic analysis and design optimization of a horizontal oil-
water separator, integrating an automated control system with a theoretical trajectory model for oil droplets. This 
study develops a mathematical model based on force balance (buoyancy versus drag) under laminar flow conditions 
to predict droplet trajectories as functions of key hydrodynamic and dimensional parameters: droplet radius, inlet 
velocity, separator diameter, mass flow rate, and Reynolds number. The model yields explicit expressions for 
terminal rise velocity, rise time, residence time, and minimum required separator length. Parametric analysis reveals 
that smaller droplets (50 µm) dictate design requirements: at an inlet velocity of 0.005 m/s, a separator of radius 1.0 m 
requires a minimum length of 4.55 m to achieve complete separation, corresponding to a residence time of 
approximately 15 minutes. A critical mass flow rate of 0.5 kg/s is identified, below which buoyancy dominates and 
above which horizontal advection compromises efficiency. To maintain laminar conditions (Re < 2300), inlet 
velocity must not exceed 0.015 m/s for a 1.0 m diameter separator. The theoretical length-to-diameter ratio for the 
design droplet is approximately 2.3; applying a safety factor of 1.5–2.0 yields practical ratios of 3.4–4.6, aligning with 
industry standards (3:1 to 5:1). Quantitative design guidelines are summarized, including recommendations for 
separator diameter (≥1.0 m), maximum inlet velocity (≤0.015 m/s), and separator compartment sizing. 
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1. Introduction 
 

The oil industry plays a significant role in ensuring global energy supply. However, oil 

extraction generates substantial volumes of wastewater containing petroleum components, which 

require effective treatment before discharge. Oil companies operate across diverse locations and 

perform various tasks, among which the treatment of oil-contaminated water is crucial. 

Environmental regulations concerning oil discharge in wastewater have become increasingly 

stringent worldwide, driving significant efforts to regulate pollution in most industrialized 
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countries [1].  

Horizontal oil-water separators, including those based on American Petroleum Institute (API) 

design standards, are widely employed in the petroleum, chemical, and other industries to separate 

oil and its derivatives from water [2]. While traditional methods such as grease traps and 

skimming tanks exhibit limited efficiency in removing oil and grease [3], newer approaches offer 

cleaner and safer alternatives [4]. Recent advances in surface wettability engineering have led to 

the development of specialized membranes with enhanced oil-water separation performance, 

demonstrating the potential of materials-based solutions [5]. Numerous studies have developed 

highly effective treatment methods and disposal management strategies for oil and grease wastes 

to mitigate their environmental impact [6-8]. The efficiency and sustainability of oil-water 

separation methods represent a form of technological progress essential for environmental 

protection. 

Treatment approaches range from simple physical methods - such as gravity separation, 

skimmer tanks, API separators, and coalescers - to more advanced techniques including 

electrocoagulation, activated carbon adsorption, oxidation processes, and membrane filtration [9-

11]. Advanced computational approaches, including hierarchical clustering algorithms, have been 

applied to analyze complex hydraulic forces in fluid handling systems, demonstrating the value of 

data-driven methods for understanding flow phenomena [12]. 

Wastewater treatment methods generally fall into three main categories: physical, chemical, 

and biological. Physical methods; including sedimentation, membrane filtration, and flotation, 

enable contaminant separation without chemical transformation [13, 14]. Demulsifiers - chemical 

additives that prevent emulsification or break existing emulsions - are commonly used to 

destabilize oil-water emulsions, promoting droplet coalescence and facilitating separation. Biological 

methods rely on microorganisms to degrade organic contaminants in systems such as trickling 

filters, lagoons, and membrane bioreactors [15-17].   

Understanding the fundamental hydrodynamics of multiphase systems is essential for 

optimizing separation processes. Recently, numerical approaches have been widely used to 

investigate complex fluid flow behavior in various engineering systems [18, 19]. 

Despite the availability of advanced treatment technologies, there remains a need for practical, 

physically based design tools for conventional gravity separators, particularly in applications 

where complex simulation resources are limited. Most existing design guidelines for horizontal 

oil-water separators rely on empirical rules or simplified residence time calculations that do not 

explicitly account for the coupled effects of droplet size, inlet velocity, separator geometry, and 

flow regime on separation performance.  

This study adopts a hydrodynamic trajectory model for horizontal oil-water separators [20], 

based on fundamental force balance between buoyancy and drag under laminar flow conditions. 

The model yields explicit analytical expressions for terminal rise velocity, rise time, residence 

time, and minimum required separator length as functions of key parameters: droplet radius, inlet 

velocity, separator diameter, mass flow rate, and Reynolds number. Parametric analyses quantify 

the sensitivity of separator dimensions to each parameter, identifying critical thresholds for 

maintaining efficient separation. The theoretical length-to-diameter ratio derived from the model is 

compared with industry standards. The quantitative design guidelines provide a rational basis for 

preliminary separator sizing, with clear recommendations for diameter, length, inlet velocity, and 

the main separation chamber dimensions. Limitations of the model including the neglect of 

coalescence, droplet size distributions, and non-ideal flow patterns are acknowledged, with more 

advanced multiphase modeling approaches identified as directions for future research. 
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2. System description and integrated control strategy 
 

The proposed oil removal system is based on gravitational separation within a horizontal two-

compartment separator, which could be enhanced by an automated control system. The separation 

efficiency, governed by the hydrodynamic principles modeled in Section 3, could be monitored 

and controlled in real-time via a conductivity-based feedback loop. The detailed design, 

programming, and validation of such an automated control system-including the three solenoid 

valves and their integration with the conductivity sensor-are identified as a direction for future 

work beyond the scope of the present hydrodynamic study. 

 

2.1 Separator design and operating principle 
 

The separator consists of two primary compartments, Fig. 1. The first compartment acts as a 

sludge trap, facilitating the sedimentation of dense solids. The second compartment is the main 

separation chamber, where oil droplets rise via buoyancy under controlled laminar flow conditions. 

A coalescing filter within this chamber promotes the aggregation of fine oil droplets, accelerating 

the separation process. The treated water exits from a lower outlet, while the separated oil is 

evacuated from an upper outlet. 
 

2.2 Integration of control with separation dynamics 
 

The core of the automation strategy is the relationship between the local oil concentration and 

the electrical conductivity of the fluid. As an insulator, the presence of a dispersed oil phase 

reduces the measured conductivity. Under optimal laminar flow, a stable, stratified profile 

develops, with an oil-rich layer forming at the top of the separation compartment. 

The primary conductivity sensor C₁ is positioned within the oil outlet channel, Fig. 1. Its 

location is determined by the model’s prediction for the arrival of the separated oil front under 

design flow conditions. When the oil concentration at C₁ exceeds a set threshold (indicating a 

sufficient oil layer has accumulated), the measured conductivity drops. This triggers the control 

logic to open the oil evacuation solenoid valve V₂. Conversely, the system can be designed to open 

the treated water valve V₃ upon detecting high conductivity (primarily water) at a corresponding 

sensor or after a timed delay following oil removal. This closed-loop control directly links the 

physical separation outcome, predicted by the hydrodynamic model, to the system’s automated 

actions, ensuring efficient phase separation and discharge. 

 

2.3 Automated control sequence 
 

The operational sequence, managed by a central control unit (e.g., PLC or microcontroller), is 

as follows: 

- Filling/Separation: Inlet valve V₁ is open. Valves V₂ (oil) and V₃ (water) are closed. The 

mixture enters, and separation occurs. 

- Oil Discharge: Sensor C₁ in the oil outlet monitors conductivity. A signal below a 

threshold (high oil concentration) triggers the opening of V₂ to evacuate the separated oil layer. 

- Water Discharge: Following oil removal, the system can initiate water discharge. This can 

be triggered by a secondary sensor, a conductivity recovery signal at C₁, or a pre-set settling time, 

leading to the opening of V₃. 
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Figure 1. Schematic diagram of the automated horizontal oil-water separator with integrated monitoring and 

control system. The separator comprises a sludge settlement chamber followed by a separation chamber 

equipped with a coalescing filter. Solenoid valves V1 (inlet), V2 (oil outlet), and V3 (treated water outlet) 

are actuated based on signals from the conductivity sensor C1 located at the oil outlet. The control unit 

governs the sequential filling, oil discharge, and water discharge operations. The inset illustrates the 

simulated oil concentration profile along the separator length at the oil outlet elevation, supporting the 

sensor placement 

 

 

This integrated approach ensures the separator operates autonomously, responding to the actual 

separation performance rather than a fixed timer, thereby optimizing efficiency and preventing 

cross-contamination of outlets. 
 

 

3. Mathematical modeling of droplet trajectory and separation dynamics 
 

3.1 Physical premises and simplifying assumptions 
 

The modeling is based on a set of classical assumptions for studying gravitational separation 

under laminar flow conditions. The current model focuses on the primary separation of discrete, 

non-emulsified oil droplets: 

- Oil droplet: It is assimilated to a rigid sphere of radius  𝑟 , density 𝜌𝑜𝑖𝑙  and dynamic 

viscosity 𝜂. Its shape remains spherical throughout its motion (no deformation). 

- Flow: The wastewater flow is steady, uniform, and horizontal (with single horizontal 

velocity 𝑣𝑥 = 𝑣0). The flow regime is assumed to be laminar (𝑅𝑒 < 2300), a necessary condition 

to avoid turbulence that would disperse the droplets. 

- Free oil droplets: Only non-emulsified droplets are considered. Stable emulsions (submicron 

droplets) require coalescence mechanisms or chemical treatments, which fall outside the scope of 

this study. 

- Dominant force: Archimedes’ buoyancy force exceeds the droplet weight (𝜌𝑜𝑖𝑙 < 𝜌𝑤 ) 

ensuring natural droplet rise. 
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3.2 Force balance in horizontal and vertical directions 
 

The motion of an oil droplet within the wastewater flow is governed by four forces: Its weight 

P, Archimedes’ buoyancy force 𝐹𝑎𝑟, the horizontal driving force exerted by the flowing water 𝐹𝑥, 

and the fluid dynamic drag force (friction force) 𝐹𝑟 opposing the droplet’s relative motion. 

The net upward force results from the competition between buoyancy and weight: 

𝐹𝑦 = 𝐹𝑎𝑟 − 𝑃 = (𝜌𝑤 − 𝜌𝑜𝑖𝑙)𝑉𝑜𝑖𝑙𝑔 (1) 

where  𝜌𝑤 is the water density 𝜌𝑜𝑖𝑙  and  𝑉𝑜𝑖𝑙 are the density and volume of droplet oil respectively. 

When viscous forces dominate over inertial forces, the drag force on a spherical droplet is 

given by Stokes’ Law: 

𝐹𝑟 = −6𝜋𝜂𝑟𝑣𝑟 (2) 

where 𝑣𝑟 is the velocity of the droplet relative to the surrounding fluid, 𝜂 the dynamic viscosity 

and 𝑟 the droplet radius of oil. 

Resolving forces in the horizontal and vertical directions and applying Newton’s second law 

yields the equations of motion. For the horizontal direction, assuming constant horizontal 

velocity  𝑣𝑥, the driving force exactly balances the horizontal drag (Given by Stokes’ Law): 

𝐹𝑥 = 𝐹𝑟 = 6𝜋𝜂𝑟𝑣𝑥 (3) 

The vertical motion (with vertical velocity component   𝑣𝑦 is governed by: 

−6𝜋𝜂𝑟𝑣𝑦 + 𝜌𝑤𝑉𝑜𝑖𝑙𝑔 − 𝜌𝑜𝑖𝑙𝑉𝑜𝑖𝑙𝑔 =  𝜌𝑜𝑖𝑙𝑉𝑜𝑖𝑙

𝑑𝑣𝑦

𝑑𝑡
 (4) 

where g is the gravitational acceleration. This simplifies to a first-order linear differential equation 

for the vertical velocity: 

𝑑𝑣𝑦

𝑑𝑡
+

6𝜋𝜂𝑟

𝜌𝑜𝑖𝑙𝑉𝑜𝑖𝑙
𝑣𝑦 = (

𝜌𝑤

𝜌𝑜𝑖𝑙
 − 1) 𝑔 (5) 

The resolution of the differential equation could take the following case, depending on the 

boundary conditions at the entrance to the separator: 

𝑦 =
𝑏

𝑎
𝑡 +

𝑏

𝑎2
(𝑒−𝑎𝑡 − 1) (6) 

where 𝑎 =
6𝜋𝜂𝑟

𝜌𝑜𝑖𝑙𝑉𝑜𝑖𝑙
 and  𝑏 = (

𝜌𝑤

𝜌𝑜𝑖𝑙
 − 1) 𝑔 . The vertical displacement as a function of horizontal 

distance (the droplet trajectory equation) is then provided as follows: 

𝑦 = 𝐴𝑥 + 𝐵(𝑒−𝐶𝑥 − 1) (7) 

With coefficients: 𝐴 =
𝑏

𝑎𝑣0
,     𝐵 =

𝑏

𝑎2    𝑎𝑛𝑑  𝐶 =
𝑎

𝑣0
. 

 
3.3 Establishing Laminar Flow: Reynolds number and design constraints 

 

To ensure unidirectional horizontal movement of water, the flow must be laminar. Laminar 
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flow minimizes pressure losses and provides stability, allowing the flow field to be treated as 

steady with negligible spatial and temporal variations. 

The nature of the flow is characterized by the Reynolds number 𝑅𝑒, a dimensionless parameter 

defined as: 

𝑅𝑒 =
𝑣𝐷

𝜇
=

4𝑄𝑚

𝜋𝜌𝑤  𝜇𝑤 𝐷
 (8) 

where:  

𝐷 is the inlet characteristic diameter of the separator. 

𝑣 is the characteristic velocity. 

𝜇𝑤  is the kinematic viscosity of water. 

𝑄𝑚 is the mass flow rate. 

𝜌𝑤  is the water density. 

For pipe flow or separators with circular cross-section, a Reynolds number below 2300 

indicates laminar flow. This condition must be satisfied to maintain a stable, predictable droplet 

trajectory. The laminar-flow condition (𝑅𝑒 < 2300) provides a practical criterion for selecting the 

minimum allowable diameter or maximum flow rate consistent with laminar regime requirements.  

Furthermore, the resistance to flow in a pipe due to viscous shear is quantified by a 

dimensionless parameter  𝑓 given by  𝑓 = 64 𝑅𝑒⁄  for fully developed laminar flow in a circular 

cross-section. This inverse proportionality means that as flow becomes slower or more viscous, the 

friction factor  𝑓  increases. This highlights the strong dependence of frictional forces on the 

Reynolds number and justifies the assumption of laminar flow for accurate prediction of droplet 

trajectories. 

 

3.4 Rise time, residence time and separation condition 
 

The terminal rise velocity  𝑢𝑡  of an oil droplet in water, derived from the force balance 

(buoyancy = drag) under Stokes’ regime, is given by: 

𝑢𝑡 =
2

9

𝑟2𝑔

𝜂𝑤

(𝜌𝑤 − 𝜌𝑜𝑖𝑙) (9) 

The corresponding rise time to reach the top of a separator of radius 𝑅 is given by: 

𝑡𝑟𝑖𝑠𝑒 =
𝑅

𝑢𝑡
=

9𝑅𝜂𝑤

2𝑟2𝑔(𝜌𝑤 − 𝜌𝑜𝑖𝑙)
 (10) 

The residence time available in the separator of length L is given by: 

𝑡𝑟𝑒𝑠 =
𝐿

𝑣0
 (11) 

For complete separation, the droplet must reach the top before exiting the separator (𝑡𝑟𝑒𝑠 >
𝑡𝑟𝑖𝑠𝑒), which yields to the minimum required separator length: 

𝐿𝑚𝑖𝑛 = 𝑣0

9𝑅𝜂𝑤

2𝑟2𝑔(𝜌𝑤 − 𝜌𝑜𝑖𝑙)
 (12) 
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Figure 2. The influence of water mass flow rate on oil droplet trajectory in a horizontal flow regime 

 
 

4. Results and discussions 
 

4.1 Effect of influent water flow rate on droplet trajectory 
 

The mass flow rate of wastewater directly determines the horizontal velocity within the 

separator and therefore significantly influences droplet trajectory. Fig. 2 presents droplet trajectories 

for various mass flow rates, ranging from low to high values. At low flow rates (typically below 

0.5 𝑘𝑔/𝑠  in this study), buoyancy forces dominate, allowing droplets to rise vertically with 

minimal horizontal displacement. Under these conditions, Archimedes’ thrust remains the primary 

force governing droplet motion, ensuring efficient separation. 

As the flow rate increases beyond this threshold, the horizontal drag force becomes 

increasingly significant. The droplet trajectory becomes elongated, with vertical ascent delayed by 

the stronger horizontal flow. At excessively high flow rates, horizontal motion dominates, 

potentially carrying droplets toward the outlet before they can reach the oil collection layer. The 

pronounced deformation of the trajectories at higher flow rates also suggests that inertial effects 

become more important, indicating that the laminar flow assumption may approach its limit of 

validity under these operating conditions. Operating beyond this threshold may require additional 

analysis accounting for transitional or turbulent flow effects. 

 
4.2 Effect of initial velocity 
 

The initial velocity of wastewater entering the separator is a critical hydrodynamic parameter 

governing droplet trajectory. To quantify its effect, Fig. 3 shows the vertical displacement 𝑦 versus 

horizontal distance 𝑥 for inlet velocities varying from 0.1 𝑡𝑜 0.5 𝑐𝑚/𝑠. The trajectories are linear, 

indicating a constant ratio between vertical rise velocity and horizontal advection. As the inlet 

velocity increases, the slope of the trajectory increases significantly. This reflects the stronger 

horizontal transport of the droplet along the separator. At higher velocities, the droplet travels a 
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Figure 3. Oil droplet trajectories according to different initial velocities 

 

 

Figure 4. Droplet trajectories for different separator diameters 

 
 

greater horizontal distance for the same vertical rise, implying that a longer separator is required to 

achieve complete flotation. 

 
4.3 Effect of separator diameter 
 

The internal diameter of the separation compartment is a fundamental geometric parameter that 

directly influences flow velocity and, consequently, droplet trajectory. To quantify this effect, 

droplet trajectories were computed for four different separator diameters (𝐷 = 0.5, 1, 1.5 and 2.0 
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Figure 5. Comparison of droplet trajectories for laminar and transitional flow regimes 

 

 

m) under constant mass flow rate conditions. Fig. 4 presents these trajectories, illustrating how 

diameter governs the path of oil droplets and the required separator length for complete oil 

recovery. 

For a given mass flow rate, the horizontal velocity is inversely proportional to the cross-

sectional area (𝑣𝑥 = 𝑄𝑚/𝑆 = 4𝑄𝑚/(𝜋𝐷2)). Larger diameters therefore reduce horizontal velocity, 

allowing droplets more time to rise vertically under buoyancy. 

 
4.4 Effect of flow regime 
 

To assess the impact of flow regime on separation performance, droplet trajectories were 

computed for two distinct Reynolds numbers. Fig. 5 compares the vertical displacement 𝑦 of an oil 

droplet as a function of separator length 𝑥 for 𝑅𝑒 = 1250 (laminar) and 𝑅𝑒 = 2500 (transitional/ 

turbulent). This comparison illustrates how the transition from laminar to turbulent flow alters 

droplet ascent, directly influencing separator efficiency. 

A clear increase in slope is observed at higher Reynolds number. This indicates that as inertial 

forces become more significant relative to viscous forces, horizontal transport intensifies. The 

droplet is carried further downstream before reaching a given vertical position. 

The results demonstrate that even within the laminar regime, increasing Reynolds number 

alters the balance between buoyancy-driven rise and convective transport. Higher 𝑅𝑒 values 

therefore require greater separator length to maintain effective separation. 

 

4.5 Combined effect of flow regime and separator scale on droplet ascent 
 

While Reynolds number alone defines flow regime, its normalization by separator diameter 

(𝑅𝑒/𝐷) accounts for geometric scaling effects. Fig. 6 illustrates droplet vertical displacement as a 

function of 𝑅𝑒/𝐷 across the laminar range (𝑅𝑒 = 100– 2000), demonstrating how this combined 
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Figure 6. Influence of the 𝑅𝑒/𝐷  ratio on droplet vertical displacement under laminar regime (𝑅𝑒 =
100– 2000) 

 

  
parameter can guide the selection of appropriate separator dimensions for a given flow condition. 

A strong nonlinear relationship is observed between droplet vertical displacement and the 

normalized parameter  𝑅𝑒/𝐷 , following a clear exponential-type trend. This confirms that 

trajectory behavior can be reliably described through hydrodynamic scaling using 𝑅𝑒/𝐷. 

The result highlights that separation dynamics are governed not only by Reynolds number but 

also by geometric scaling through diameter. The normalization by diameter emphasizes the 

coupling between hydrodynamics and separator geometry, demonstrating that droplet trajectory is 

highly sensitive to combined flow–geometry effects.  
 
4.6 Estimation of the theoretical maximum length of the oil separator 
 

The length of an oil separator (hydrocarbon separator) is calculated based on the peak flow rate 

and the rise velocity of oil particles, often designed to ensure sufficient residence time. Typical 

dimensions for standard installations range from 2 to over 10 meters in length, often exceeding 6 

meters for settling/oil separation tanks. The sizing of the oil separator depends on the flow rate: the 

higher the flow rate, the longer the structure must be to ensure separation. Thus, the rise velocity 

depends on the size of the oil particles to be separated. 

In summary, for a standard installation, the length often exceeds the width, with a typical length 

of several meters for flow rates on the order of tens of liters per second, ensuring effective 

separation before discharge. The derivative of the trajectory equation (𝑦)  with respect to the 

horizontal distance of the separator (𝑥), based on Eq. (6), is: 

𝑑𝑦

𝑑𝑥
=

𝑏

𝑎𝑣0
(1 − 𝑒

−
𝑎
𝑣0

𝑥
) (13) 
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Figure 7. Effect of inlet velocity and droplet radius on the dimensional separation ratio (R/L) 

 

 

At the separator inlet (𝑥 = 0), the slope is zero, indicating horizontal entry. As 𝑥 increases, the 

slope asymptotically approaches a maximum finite value 𝑏/(𝑎𝑣0 ). For a separator of sufficient 

length, this asymptotic slope can be used as an approximation. Integrating under this approximation 

gives the relationship between separator radius 𝑅 and length 𝐿:  𝑅/𝐿 = 𝑏/(𝑎𝑣0). 
Substituting the expressions for 𝑎 and 𝑏 yields:  

𝑅

𝐿
=

2

9

𝑟2𝑔

𝜇𝑣0
(

𝜌𝑤

𝜌𝑜𝑖𝑙
− 1) (14) 

This expression relates the separator geometry to the oil droplet properties, water viscosity, and 

inlet velocity. 

Fig. 7 illustrates the variation of the dimensional separation ratio 𝑅/𝐿 as a function of the initial 

water velocity 𝑣0 for droplet radii of 100,200, 𝑎𝑛𝑑 500 𝜇𝑚. For all droplet sizes, 𝑅/𝐿 decreases 

nonlinearly with increasing inlet velocity, exhibiting a sharp decline at low velocities followed by 

a gradual asymptotic stabilization at higher velocities. This behavior indicates that higher inflow 

velocities necessitate a longer separator to provide adequate residence time for droplets to rise. 

Moreover, the separation ratio increases significantly with droplet radius at any given velocity, 

demonstrating the strong impact of droplet size on separator design parameters. The droplet radius 

exerts a strong influence on the separation ratio due to its quadratic effect on the buoyancy-driven 

rise velocity (or terminal rise velocity 𝑢𝑡) under laminar conditions (𝑢𝑡 ∝ 𝑟2). As a result, the 

balance between horizontal advection and vertical migration scales approximately with 𝑣0/𝑟2, 

making the system highly sensitive to droplet size. The separation between the curves demonstrates 

that larger droplets significantly alter the geometric separation requirement, particularly in the low-

velocity regime where buoyancy and advection are comparable. Although the sensitivity decreases 

at higher velocities, droplet size remains a key governing parameter in separator design. 
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This study serves as a practical tool for preliminary sizing: for a target flow rate (which sets 𝑣0) 

and known droplet size distribution, one can estimate the required 𝑅/𝐿 and hence the separator 

length once the separator radius 𝑅 is chosen. 

For a credible industrial design, the key is to select a flow rate that results in a balanced 

proportion between length and radius, typically within a length-to-diameter ratio of 3: 1 𝑡𝑜 5: 1, to 

ensure both hydraulic efficiency and practical geometry. To ensure robust performance in a real 

application, the theoretical length derived from this model is often multiplied by a safety factor 

(typically  1.5 𝑡𝑜 3 ) to achieve the effective ratio  (3: 1 − 5: 1) . This practice balances the 

dimensions, preventing hydraulically inefficient units and ensuring effective oil-water separation. 

 

 
5. Conclusions 
 

This study developed a hydrodynamic trajectory model for horizontal oil-water separators, 

based on fundamental force balance and parametric analysis. The trajectory of an oil droplet is 

governed by the competition between buoyancy and drag forces. For the smallest target droplet 

(typically 50 µ𝑚), the terminal rise velocity is low, requiring sufficient residence time to reach the 

top of the separator before exiting. From the condition that residence time must equal or exceed 

rise time, a direct relationship between separator geometry and operating parameters is derived, 

Eq. (12). The required separator length increases linearly with inlet velocity and inversely with the 

square of droplet radius. This explains why smaller droplets and higher flow rates demand longer 

separators, and why maintaining low inlet velocities is essential for compact designs. For typical 

design conditions (inlet velocity of 0.005 𝑚/𝑠 and separator radius of 1.0 𝑚), Eq. (12) yields a 

minimum length of approximately 4.5 𝑚  for separating 50 µ𝑚  droplets, with a corresponding 

residence time of about 15 𝑚𝑛, Eq. (11). 

The analysis also identifies a critical flow rate below which buoyancy forces dominate and 

above which horizontal advection compromises separation efficiency. This threshold, together 

with the laminar flow criterion, defines the safe operating envelope for the separator. Exceeding 

these limits leads to elongated trajectories and potential droplet carry-over. For a separator 

diameter of 1.0 𝑚, Eq. (8) gives a maximum inlet velocity of 0.015 𝑚/𝑠 for maintaining laminar 

conditions, and the corresponding critical mass flow rate is 0.5 𝑘𝑔/𝑠. 

Larger droplets rise significantly faster, as shown by the terminal velocity expression in Eq. (8). 

For example, 200 µ𝑚  droplets require less than 0.6 𝑚  of length under the same conditions 

according to Eq. (12), confirming that the smallest target droplet governs the design. A model 

based on this worst case ensures that all larger droplets are separated even more efficiently, 

highlighting the importance of characterizing influent droplet size distribution in practical 

applications. 

The theoretical analysis yields a direct relationship between separator radius and length. For the 

design droplet and typical operating velocity, Eq. (14) produces a theoretical length-to-diameter 

ratio of approximately 2.3. To account for unmodeled phenomena such as coalescence time, flow 

non-idealities, and short-circuiting, a safety factor of 1.5 𝑡𝑜 2.0 is recommended, bringing the 

practical design into the range of 3.4 𝑡𝑜 4.6, which aligns with the 3: 1 𝑡𝑜 5: 1 ratio commonly 

cited for separator dimensions in industry standards. 

Based on this analysis and the governing Eqs. (8-12, 14), the following design guidelines are 

established: the separator diameter should be sufficiently large (typically ≥ 1.0 𝑚) to maintain 

laminar flow at the design flow rate; inlet velocity must be limited to 0.015 𝑚/𝑠 or less to ensure 

234



 

 

 

 

 

 

Trajectory analysis and design optimization of a horizontal oil-water separator: … 

adequate residence time for the smallest target droplet; separator length is the product of inlet 

velocity and droplet rise time, with a safety factor applied for robust performance; and the 

separation compartment should occupy approximately one-third of the total separator volume, 

following standard practice. 

This approach is particularly useful for applications where complex simulation tools are 

unavailable, offering a balance between theoretical rigor and practical applicability. Incorporating 

fully realistic representations of coalescence, droplet size distributions, and non-ideal flow patterns 

would require experimental validation and/or multiphase modeling approaches (e.g., population 

balance models or CFD-based interface tracking), which are beyond the scope of the current study. 

Future work may extend the model in these directions, further enhancing its predictive capability 

for specialized applications. 
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Nomenclature 

 
Roman Symbols 

Symbol Definition Unit 

𝐴, 𝐵, 𝐶 Coefficients in the final droplet trajectory equation 1, 𝑚, 𝑚⁻¹ 

𝐶1 Conductivity sensor - 

𝑎, 𝑏 Coefficients in the simplified differential equation 𝑠−1, 𝑚. 𝑠−2 

𝑑 Diameter (typically of inlet pipe or separator) 𝑚 

𝐹𝑎𝑟 Archimedes' thrust (buoyancy force) 𝑁 

𝐹𝑥 Thrust force created by the water flow 𝑁 

𝐹𝑦 Upward force (Vertical) 𝑁 

fr Friction force 𝑁 

𝑔 Gravitational acceleration 𝑚. 𝑠−2 

𝐿 Length of separator 𝑚 

𝑃 Weight of the oil droplet 𝑁 

𝑄𝑚 Mass flow rate 𝑘𝑔. 𝑠−1 

𝑅 Radius of the inlet separator 𝑚 
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𝑅𝑒 Reynolds number - 

𝑟 Radius of the oil droplet 𝑚 

𝑆 Cross-sectional area m² 

𝑡 Time 𝑠 

𝑢 Rise velocity 𝑚. 𝑠−1 

𝑉1,2,3 Solenoid valves - 

Voil Volume of the oil droplet 𝑚3 

𝑣 Velocity 𝑚. 𝑠−1 

𝑣0 Inlet velocity 𝑚. 𝑠−1 

𝑥, 𝑦 
Horizontal and vertical 

displacements 
𝑚 

 
Greek Symbols 

Symbol Definition Unit 

η  Dynamic viscosity  

𝑃𝑎. 𝑠  
𝑘𝑔. 𝑚−1. 𝑠−1 

𝑁. 𝑠. 𝑚−2 

μ  Kinematic viscosity  m.s-2 

𝜌 Density 𝐾𝑔. 𝑚−3 

 

Subscripts 

res Residence (for time) 

t Terminal  

𝑤 Water 

res Residence (for time) 

 

 

Appendix: Quantitative design parameters derived from trajectory analysis: 
 

Summary of key numerical parameters derived from this study: 

Parameter Symbol Value Units Condition/Source 

Droplet radius 

(smallest target) 
𝑟𝑚𝑖𝑛  50 𝜇𝑚 / 

Oil density 𝜌𝑜𝑖𝑙 900 𝑘𝑔/𝑚3 
Typical light 

hydrocarbons 

Water density 𝜌𝑤 1000 𝑘𝑔/𝑚3 At 20𝑜𝐶 

Dynamic viscosity of water 𝜂𝑤 0.001 𝑃𝑎. 𝑠 / 

Terminal rise velocity 𝑢𝑡 0.0087 m/s 

For 𝑟 = 200𝜇𝑚, 
𝑅 = 1𝑚 

𝑎𝑛𝑑 𝑣0 = 0.005𝑚/𝑠 

Rise time 𝑡𝑟𝑖𝑠𝑒 115 s // 

Residence time 𝑡𝑟𝑒𝑠 400 s // and 𝐿 = 2𝑚 

Minimum separator length 𝐿𝑚𝑖𝑛  0.58 m Complete separation condition 𝑡𝑟𝑒𝑠 ≥ 𝑡𝑟𝑖𝑠𝑒 

Inlet velocity 𝑣0 0.005 m/s Typical value for laminar flow regime 
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Droplet Reynolds number 𝑅𝑒𝑑 0.11 – Stokes valid where 𝑟 = 50𝜇𝑚 

Critical flow Reynolds number Re 2300 – Laminar if Re < 2300 

Critical mass flow rate 𝑄𝑚 0.5 kg/s 
For 𝐷 = 1𝑚 

𝑎𝑛𝑑 𝑣0 = 0.005 𝑚/𝑠 

Length/Diameter ratio 𝐿 𝐷⁄  3.4 to 4.6 – 

For 𝑟 = 50𝜇𝑚 

with safety factor 

SF = 1.5-2.0 

Parameter Symbol Value Units Condition/Source 
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