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Toroidal marine propellers have become a phenomenon in the propeller design world, 

as their design can enhance propeller performance exceeding conventional designs. 

Toroidal propeller blades typically feature a small Ae/A0 ratio and, relatively constant 

chord. One of Kaplan's propeller series, Ka4-55, has the required features and provides 

comprehensive open water test data. This study investigates the possibility of Ka4-55 

being used as the base of a toroidal propeller and evaluates the performance using the 

CFD method. To conduct a more detailed analysis of which part contributes 

significantly to the performance, the blade area is divided into three sections: S1, close 

to the root area; S2, in the middle; and tip. The analysis indicates that toroidal propellers 

based on Ka4-55 provide high thrust for low to medium advance coefficient (J) and 

higher efficiency for higher advance coefficient (J) with a range of J > 0.8. 
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1. INTRODUCTION

Since the introduction of the toroidal propeller [1], there are 

numerous research and design proposals have been proposed 

for the development of the toroidal propeller. Sharrow has 

patented a design in the US Patent Office for its toroidal design 

called Duo-Prop Propeller [2], and the Massachusetts Institute 

of Technology (MIT) also developed a different model of 

toroidal propeller, while Li et al. [3] have developed the 

mathematical model of the toroidal propeller. This study 

introduces a new configuration referred to as the Toroidal 

propeller, developed by combining two coaxial blade systems 

connected at the tip to form a continuous looped geometry. 

This configuration is inspired by toroidal flow concepts but is 

structurally and functionally distinct, with a focus on 

improving thrust performance through tip integration. This 

closed-loop blade shape is designed to reduce tip vortices and 

improve flow uniformity behind the propeller. This unique 

configuration presents a potential breakthrough in propeller 

design, especially for applications requiring high 

maneuverability, lower noise levels [1, 4], and enhanced fuel 

efficiency. 

Attar et al. [5] explain that the toroidal bionic propeller has 

low noise levels, high efficiency at low speeds, and reduced 

turbulence and tip vortices. A specific pitch will enhance 

efficiency, while the number of blades affects thrust, although 

its impact on efficiency is not significant [6, 7]. The toroidal 

propeller generates higher torque and lower noise, while the 

Wageningen B-Series propeller excels in thrust performance 

[8]. The closed-loop propeller has an efficiency improvement 

of 0.27–12.31% compared to conventional propellers [9, 10]. 

By integrating a dual coaxial blade system, further research 

can be conducted using specific series propellers. 

Modifications to the previous Kaplan propeller have been 

made. The angle of attack influences pressure distribution, and 

the number of blades tends to result in lower efficiency [6]. In 

studies, the variation in the angle of attack will be maximized 

at specific variations of the number of blades and diameter [8]. 

In this research, the Toroidal design was developed based 

on the Kaplan Ka4‑55 series. The Ka4‑55 was chosen for three 

main reasons: first, it features a four-blade configuration with 

the smallest Ae/Ao ratio among the Kaplan series [11]; 

second, the propeller’s outline shape exhibits a relatively 

constant chord distribution across all r/R values, making it 

suitable for the closed-loop geometry envisioned in the 

Toroidal design; and third—and most importantly—it comes 

with comprehensive open-water test data from MARIN’s 

ducted propeller program. To isolate true open-water behavior, 

all nozzle effects were removed, and the resulting thrust, 

torque, and efficiency data served as the benchmark for 

evaluating the toroidal configuration. 

This study focuses on analyzing the performance of the 

toroidal propeller with P/D = 1.25, which was designed based 

on Ka4-55, compared to the original unducted Kaplan Ka4-55, 

using open water performance metrics—thrust coefficient 

(KT), torque coefficient (KQ), and open water efficiency—as 

the basis for evaluation. The goal is to understand whether the 

Ka4-55-based toroidal propeller is able to improve 

hydrodynamic performance while maintaining the original 

propeller Kaplan design. 
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2. METHODOLOGY

2.1 Propeller geometry and design parameters 

A toroidal propeller consists of a front and a rear blade set, 

both derived from the Kaplan Ka4-55 series profile. The front 

and rear blades are designed with an Expanded Area Ratio 

(EAR) of 0.55. Both blades have identical chord lengths of 

62.2 mm, and this blade is connected at its tips through a 

parabolic rake geometry, forming a continuous closed-loop 

shape [12]. The rear blade is rotated by a 15° generator line 

angle relative to the front blade to improve alignment with the 

flow path and simplify the tip integration. 

The skew distribution applied to the front blade follows the 

pattern used in the B-Series propellers, with a total skew angle 

of 20.44°. The rake is applied parabolically, with a maximum 

rake angle of 30°, providing a smooth axial displacement 

between the front and rear blades. The detailed drawings of the 

front and rear blades are presented in Figures 1 and 2, 

respectively. A three-dimensional view of the blades before 

connection is shown in Figure 3, while the complete toroidal 

configuration is illustrated in Figure 4. These geometric 

adjustments support the structural connection at the blade tips 

and assist in shaping the propeller into an integrated, looped 

configuration. 

Figure 1. Front side toroidal propeller design 

Figure 2. Back side toroidal propeller design 

Figure 3. Front and back toroidal propeller design 

Figure 4. 3D model of toroidal design 

Figure 5. Toroidal foil profile at 0.2 R 

Figure 6. Toroidal foil profile at 0.4 R 

Figure 7. Toroidal foil profile at 0.8 R 

The tips of the blades are truncated at r/R = 0.8, enabling a 

smooth structural connection between front and rear blade tips. 

This configuration forms the defining feature of the toroidal 

design: a seamlessly joined blade loop intended to reduce tip 

vortex and enhance propeller efficiency. The pitch ratio (P/D) 

of the front blade is fixed at 1.0, while the rear blade uses a 

P/D ratio Of 1.25. The pitch distribution is kept identical to 

that of the original Kaplan series.  

The left side of Figures 5-7 corresponds to the upstream 

(inflow) region, while the right side represents the downstream 

(outflow) region. The geometry resulting from the intersection 

of the front and rear propeller foils in the toroidal 

configuration exhibits a distinct arrangement, as illustrated in 

Figures 5-7. In this design, the rear propeller blades are not 

positioned in line with the front propeller blades. 

Consequently, the downstream flow generated by the front 

propeller is not directly utilized by the rear propeller in a 

conventional tandem manner. Additionally, the spacing 

between the foils increases progressively toward the upper 

region of the blade. This configuration is intentionally applied 

to create a smoother connection between the blade tips, 

ensuring a continuous and seamless transition for the toroidal 

propeller shape. This gradual variation in spacing is aimed at 

minimizing flow separation and optimizing the overall 

hydrodynamic performance of the toroidal propeller system. 
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2.2 CFD setup 

In modeling turbulent fluid flow around a propeller, the 

Reynolds-Averaged Navier–Stokes (RANS) equations are 

commonly employed to capture the variations in flow velocity, 

pressure, and vorticity [13, 14]. These equations, derived from 

the Navier–Stokes formulation, consider the advection and 

diffusion mechanisms that significantly influence the temporal 

change of velocity distribution around the propeller. 
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Advection accounts for the movement of fluid itself, while 

diffusion represents the effects of fluid viscosity. As noted in 

the formulation: 
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These terms describe how changes in momentum and 

velocity gradients occur due to internal fluid stresses. 

Additionally, the pressure gradient term, −
𝜕𝑝

𝜕𝑥𝑗
 plays a critical 

role in driving the flow dynamics. 

The k-omega turbulence model is a widely used RANS-

based approach that solves two additional transport equations 

for turbulent kinetic energy (k) and specific dissipation rate 

(ω), representing turbulence energy and its dissipation. The 

dissipation rate is defined as ε = β·kω, with β = 0.09. Variants 

such as the standard, BSL, and SST k-omega models offer 

improved performance for specific flow conditions [15]. 

𝜖 = 𝐶𝜇𝑘𝜔 (4) 

Transport equation for turbulent kinetic energy (k) is given 

as follows: 
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The hydrodynamic performance of the toroidal propeller 

was analyzed using CFD simulations under steady-state 

conditions. The flow was assumed to be incompressible, and 

the governing equations used were the RANS equations. 

Turbulence effects were modeled using a two-equation model 

capable of handling adverse pressure gradients and flow 

separation, which are critical phenomena around marine 

propellers [16-19]. 

Figure 8. Domain size 

The computational domain was created in accordance with 

the guidelines provided by the International Towing Tank 

Conference (ITTC) for open water propeller simulations. The 

upstream distance from the propeller to the inlet boundary was 

set to at least 2D, the downstream outlet extended to 6D, where 

D is the propeller diameter. The radial boundary distance from 

the axis of rotation to the domain wall was set to 3D, ensuring 

minimal blockage and reflecting realistic open water 

conditions (Figure 8) [20]. 

An unstructured mesh was generated with local refinement 

around the propeller blades and wake region. Mesh 

independence studies were conducted to verify that further 

mesh refinement did not significantly influence the simulation 

results. Boundary conditions included a uniform inflow 

velocity, a fixed rotational speed for the propeller, and a static 

pressure outlet to emulate an open water environment. 

To ensure the reliability of the numerical method, 

simulation results for the benchmark Kaplan Ka4-55 propeller 

were compared against available open water test data. The 

comparison focused on KT, KQ, and open water efficiency. 

The CFD predictions showed acceptable accuracy, with 

deviations under 5% for KT and 10% for KQ [13, 20], which 

are consistent with ITTC-recommended tolerances for 

numerical validation in open water propeller analysis. 

2.3 Propeller geometry and design parameters 

The characteristics of ship propellers can be expressed in 

non-dimensional form using the advance coefficient (J), thrust 

coefficient (KT), torque coefficient (KQ), and efficiency (η) 

[21, 22]. These three coefficients are used to construct 

performance curves that illustrate how the propeller operates 

under various ship operating conditions. Variations in the KT 

and KQ curves with respect to changes in the advance ratio 

provide insights into the propeller’s performance in relation to 

ship speed and propeller rotation. Each type of propeller has 

its own unique performance curve characteristics; therefore, 

the study of propeller characteristics cannot be generalized to 

all shapes or types of propellers [23]. 

𝐽 =
𝑉𝑎
𝑛𝐷

(8) 

𝐾𝑇 =
𝑇

𝜌𝑛2𝐷4
(9) 
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𝑄

𝜌𝑛2𝐷5
(10) 
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𝜂 =
𝐽𝐾𝑇

2𝜋𝐾𝑄
(11) 

In this context, T is thrust (N), Q is torque (Nm), ρ is water 

density (kg/m³), n is rotational speed (rad/s), and D is propeller 

diameter (m). 

3. RESULTS

3.1 Validation with experimental data 

To validate the CFD methodology, simulations are first 

performed on the Kaplan Ka4-55 propeller with a nozzle, 

replicating the conditions of available experimental data. The 

CFD results for KT, KQ, and open water efficiency are 

compared against the experimental measurements. Table 1 

shows good agreement with an error of less than 10% [20], 

with discrepancies within acceptable limits, thereby 

confirming the accuracy of the CFD setup for predicting 

propeller performance. 

Table 1. Performance difference with experiment data 

J KT Difference 10KQ Difference Eff. Difference 

0.3 1.52% 8.89% 2.83% 

0.4 1.44% 9.27% 3.61% 

0.5 -2.72% 3.28% 3.24% 

0.6 -3.98% 5.73% 5.27% 

3.2 Unducted propeller performance 

To establish a baseline for evaluating the performance of 

modified propeller designs, a simulation was conducted on the 

Kaplan Ka4-55 propeller without its nozzle. Removing the 

nozzle allows the analysis to focus solely on the propeller’s 

inherent hydrodynamic characteristics, without any external 

enhancement from ducting effects. The results of this 

simulation, as presented in Figure 9, show that the unducted 

Ka4-55 propeller achieves a higher maximum efficiency under 

open water conditions compared to its ducted version. 

However, at lower advance coefficient values, the ducted 

configuration demonstrates superior efficiency. This is 

because the nozzle plays a significant role in accelerating the 

incoming flow when the ship is operating at low speeds, 

thereby increasing the generated thrust.  

Since the unducted Ka4-55 provides higher performance 

during high advance coefficients where the toroidal propeller 

is expected to operate, the unducted Ka4-55 was selected as 

the base model for further modifications. Following this, the 

unducted Ka4-55 propeller was compared with the redesigned 

front and rear blades intended for the toroidal propeller 

configuration. This comparison aimed to assess the effects of 

specific geometric modifications, such as adjustments in chord 

length, rake angle, and skew distribution, on the overall 

propeller performance. The simulation results, shown in 

Tables 2-4, show a modest increase in efficiency, ranging from 

0.3% to 1%, in the modified blade designs. However, 

individual modifications to skew, rake, and chord alone did not 

produce significant improvements in open water efficiency. 

When focusing on thrust and torque, the original unducted 

Ka4-55 propeller consistently delivered the highest KT and 

KQ values, with differences ranging from 1–8% for KT and 

1–9% for KQ compared to the modified designs. 

Figure 9. Comparison of Ka4-55 using the nozzle and 

without the nozzle 

Table 2. Simulation results Ka4-55 

J KT KQ 10KQ Eff 

0.2 0.425601 0.065355 0.65355 20.7% 

0.4 0.342903 0.054631 0.546306 40.0% 

0.6 0.252416 0.043611 0.436114 55.3% 

0.8 0.156766 0.031239 0.312388 63.9% 

1 0.052704 0.016565 0.165646 50.7% 

Table 3. Simulation results of the front propeller 

J KT KQ 10KQ Eff 

0.2 0.392189 0.059361 0.593605 21.0% 

0.4 0.320782 0.05058 0.505803 40.4% 

0.6 0.239525 0.041032 0.410324 55.8% 

0.8 0.151092 0.029988 0.299881 64.2% 

1 0.051184 0.01597 0.159703 51.0% 

Table 4. Simulation results of the back propeller 

J KT KQ 10KQ Eff 

0.2 0.406832 0.061362 0.613621 21.1% 

0.4 0.331507 0.051965 0.51965 40.6% 

0.6 0.247177 0.042128 0.421276 56.1% 

0.8 0.155994 0.030611 0.306114 64.9% 

1 0.053166 0.016391 0.16391 51.7% 

3.3 Toroidal propeller design based on Ka4-55 

The propeller blade tips were trimmed at a radial position of 

r/R = 0.8 to enable a structural connection with the tips of the 

adjacent blades, forming a continuous closed-loop geometry 

as illustrated in Figure 4. Based on the simulation results, the 

original Ka4-55 propeller consistently achieved higher overall 

open-water efficiency compared to the integrated 

configuration, in which the pitch of the rear blade was 

modified. However, the toroidal propeller demonstrated 

noticeably higher thrust and torque coefficients across most 

advanced coefficient values, indicating increased load 

generation because of the integrated blade arrangement. 

These findings indicate that combining two blades into a 

single propeller does not simply double its performance. 

Instead, the structural connection at the blade tip introduces 

significant geometric changes that affect the flow and force 

distribution. It is well known that the blade tip region 

contributes the most to thrust generation, despite typically 

exhibiting the lowest efficiency. This is further confirmed by 

the segmental analysis presented in Table 5 and the segment 

layout shown in Figure 10. The root region of the blade was 

found to contribute minimally to thrust, serving primarily as a 
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structural role for mechanical support. 

Therefore, any modifications applied to the tip—especially 

in configurations such as the toroidal propeller—must be 

carefully evaluated, as they have a direct influence on the 

resulting thrust and torque characteristics of the propeller 

system. 

Figure 10. Comparison performance original and toroidal 

diagrams 

The results of the comparison of open water performance 

between the Ka4-55 propeller and the toroidal showed a 

contrasting performance pattern at low to medium advance 

coefficient values (J = 0.2–0.6). At J = 0.2, toroidal yields a 

thrust coefficient (KT) of 0.567992, which is higher than Ka4-

55 at 0.425601. However, the torque coefficient (10KQ) of 

toroidal reaches 1.034857, which is much higher than Ka4-

55's of 0.65355. This affects the efficiency of the toroidal 

propeller, which is actually lower (17.5%) than the Ka4-55 

(20.7%), even though the thrust value is larger. This 

phenomenon also occurs at J = 0.4 and J = 0.6, where even 

though toroidal has a superior KT. A very high increase in 

torque will decrease efficiency significantly. 

The pattern began to change at J = 0.8 and J = 0.9, where 

the toroidal efficiency began to overtake Ka4-55, 54.9% vs. 

63.9% at J = 0.8, and 56.7% vs. 50.7% at J = 0.9, respectively. 

This trend shows that toroidal tends to be more optimal at the 

high advance coefficient, where the torque load can be more 

balanced with the thrust generated. The initial hypothesis 

states that the looped-tip geometry on toroidal significantly 

increases thrust at low J but causes torque overloading due to 

complex flow interactions between the front and rear blades. 

At high J, the effect of the flow interaction becomes more 

stable, so that the propeller provides higher efficiency. These 

conditions require more comprehensive analysis through 

pressure distribution and wake visualization to confirm the 

effect of looped-tip and tandem configurations on load 

distribution patterns along the J range [22, 24, 25]. 

4. DISCUSSION

4.1 Segmented blade analysis 

Based on the results, the toroidal simulation provides 

efficiency but has a wider range of advanced coefficients. 

However, the main problem is that the torque required by the 

propeller reaches almost 2 times greater than the torque of the 

Ka4-55 propeller. This makes the overall toroidal have no 

advantages. Therefore, further analysis is needed regarding the 

cause of this propeller becoming more labor-intensive than its 

original form. 

The performance of the Ka4-55 propeller is getting worse 

than that of the Ka4-55, so the propeller is made into several 

segments as shown in Figure 11. From this segment, it is 

known that the root part of the propeller does not have a 

significant impact on the thrust of the propeller. So that this 

part functions more as a propeller blade amplifier. When the 

tip section is modified in such a way, the potential thrust and 

torque values will also change. 

Figure 11. Propeller segmentation 

Table 5. KT propeller simulation results (1 blade) 

J 

S1 Area S2 Area Tip Area 

Ka4-55 
Toroidal Prop 

Ka4-55 
Toroidal Prop 

Ka4-55 Toroidal Prop 
Front Rear Front Rear 

0.2 0.0071 0.0074 -0.0026 0.0502 0.0434 0.0269 0.0515 0.0684 

0.4 0.0065 0.0065 -0.0014 0.0438 0.0364 0.0269 0.0372 0.0557 

0.6 0.0052 0.0051 -0.0003 0.0343 0.0280 0.0259 0.0246 0.0429 

0.8 0.0033 0.0031 0.0007 0.0225 0.0175 0.0250 0.0137 0.0304 

1 0.0007 0.0003 0.0018 0.0084 0.0041 0.0240 0.0040 0.0180 

Table 6. 10KQ propeller simulation results (1 blade) 

J 

S1 Area S2 Area Tip Area 

Ka4-55 
Toroidal Prop 

Ka4-55 
Toroidal Prop 

Ka4-55 Toroidal Prop 
Front Rear Front Rear 

0.2 0.00973 0.00991 -0.00252 0.07120 0.06212 0.05843 0.08244 0.13002 

0.4 0.00949 0.00959 -0.00021 0.06551 0.05598 0.05796 0.06155 0.11050 

0.6 0.00849 0.00845 0.00181 0.05607 0.04790 0.05649 0.04449 0.09219 

0.8 0.00640 0.00620 0.00380 0.04228 0.03535 0.05572 0.02938 0.07549 

1 0.00299 0.00251 0.00582 0.02335 0.01727 0.05480 0.01507 0.05707 
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Table 7. Propeller efficiency (1 blade) 

J 

S1 Area S2 Area Tip Area 

Ka4-55 
Toroidal Prop 

Ka4-55 
Toroidal Prop 

Ka4-55 Toroidal Prop 
Front Rear Front Rear 

0.2 0.00973 0.00991 -0.00252 0.07120 0.06212 0.05843 0.08244 0.13002 

0.4 0.00949 0.00959 -0.00021 0.06551 0.05598 0.05796 0.06155 0.11050 

0.6 0.00849 0.00845 0.00181 0.05607 0.04790 0.05649 0.04449 0.09219 

0.8 0.00640 0.00620 0.00380 0.04228 0.03535 0.05572 0.02938 0.07549 

1 0.00299 0.00251 0.00582 0.02335 0.01727 0.05480 0.01507 0.05707 

The results in Tables 5-7 of the open water simulation 

showed an interesting performance pattern while leaving 

anomalies, especially in the rear toroidal blade in low advance 

coefficient conditions (J = 0.2 and 0.4). Under these 

conditions, the rear blade toroidal produces a negative thrust 

coefficient (KT) value of up to -0.0026, indicating an obstacle 

force compared to thrust. This statement is supported by the 

pressure distribution shown in Figure 12, where the back 

propeller exhibits negative values and significantly lower 

pressure compared to the front propeller. This phenomenon is 

amplified by the torque coefficient (10KQ) of the rear blade, 

which is close to zero or even negative, which generally occurs 

due to unstable flow or local stalls in certain areas of the blade. 

This situation is inversely proportional to the tip blade of 

toroidal, which shows a significant increase in performance 

compared to the conventional propeller Ka4-55, both in terms 

of KT, 10KQ, and efficiency in the entire J range, especially 

at the high advance coefficient. 

Figure 12. Pressure distribution of 0.375 r/R 

The condition of the rear blade that experienced negative 

performance at low J is suspected to be caused by a suboptimal 

flow interaction between the front and rear blade, so that the 

rear blade receives the remaining flow (wake) with too high an 

angle of attack. The initial hypothesis states that the equal 

pitch distribution between the front and rear blades and the 

P/D = 1.25 configuration may cause the rear blade to overload 

in low J conditions. Therefore, further evaluation of pressure 

distribution, wake flow patterns, and possible pitch or angle of 

attack adjustments on the rear blade is needed to optimize 

performance at low advance coefficients without sacrificing 

efficiency advantages at high J. 

4.2 Flow visualization and interpretation 

From the visualization image of the X-axis relative flow 

velocity, the difference in speed distribution between the 

conventional Ka4-55 propeller and the toroidal propeller in 

both radial positions can be seen. At the position r/R = 0.75, 

as shown by Figures 13 and 14, the difference becomes more 

pronounced. The Ka4-55 propeller still shows a sharp, 

symmetrical wake tip around the blade tip. In contrast, in 

toroidal, two wake streams converge in the blade tip area due 

to the integration between the blades, with a larger wake area 

and a low-speed flow (blue-green color) spreading more 

backwards. This can indicate a more intense wake interaction 

and a potential vortex tip reduction due to the splicing of the 

blade tip. 

Figure 13. Ka4-55 0.75 r/R 

Figure 14. Toroidal propeller 0.75 r/R 

Figure 15. Ka4-55 0.375 r/R 
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Figure 16. Toroidal propeller 0.375 r/R 

At the r/R = 0.375 position, the flow around the Ka4-55 

propeller shows a relatively uniform velocity distribution 

around the blades as described in Figures 15 and 16, with the 

wake area behind the propeller being concentrated. 

Meanwhile, in toroidal, there are two separate wake 

distributions due to the presence of integrated front and rear 

blades, where the wake or turbulence from the front blades 

slightly interacts with the rear-blade, resulting in a wider and 

more complex distribution of speed. 

5. CONCLUSION

The study found that the toroidal propeller produces higher 

thrust and torque coefficients than the original unducted Ka4-

55 propeller, particularly at low to medium advance 

coefficients. However, this comes with a significant increase 

in torque demand, which reduces overall efficiency at low J 

values. Efficiency improvements for the toroidal propeller 

only become noticeable at higher advance coefficients (J ≥ 

0.8), where wake flow interactions become more stable, and 

the propeller operates more effectively. 

Section analysis confirmed that the blade tip remains the 

largest contributor to thrust generation, while the rear blade of 

the toroidal propeller exhibited negative thrust and low torque 

performance at low advance coefficients due to suboptimal 

flow interactions and excessive angle of attack. Flow 

visualizations further supported these findings, showing wider 

wake areas and better potential for tip vortex reduction in the 

toroidal configuration. 

In conclusion, while the toroidal propeller shows potential 

benefits in thrust generation and wake control, especially at 

high advance coefficients, it requires further optimization of 

pitch, angle of attack, and rear blade load distribution to 

address its efficiency limitations at lower speeds. 
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NOMENCLATURE 

𝐽 Advanced coefficient 

𝐾𝑇 Thrust coefficient 

𝐾𝑄 Torque coefficient 

𝜂0 Open water efficiency 

𝑇 Thrust, kg. m. s-2 

𝑄 Torque, kg. m2. s-2 

𝑛 Rotational speed, rpm 

𝐷 Propeller diameter, m 

𝑉𝑎 Advanced speed, m. s-1 

𝑃/𝐷 Pitch ratio 

𝑟/𝑅 Radial position 

𝐸𝐴𝑅 Expanded area ratio 

𝑆1, 𝑆2, 𝑇𝑖𝑝 Blade segment locations 

Greek symbols 

𝜌 Fluid density, kg. m-3 

𝑘 Turbulent kinetic energy, m2. s-2 

𝜔 Specific dissipation rate, s-1 

𝜖 Turbulent dissipation rate, m2. s-3 

𝛽 Turbulent model constant 

𝜃 Angle (skew/rake/pitch), rad 

𝜇 Dynamic viscosity, kg. m-1. m-1 

𝜐 Kinematic viscosity, m2. s-1 
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