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The amount of research and publication on low Reynolds number propellers has
increased recently, especially because of the high number of UAVs produced during the
past years. The use of CFD on propellers has been focused primarily on commercial
propellers, propfans, and general aviation propellers. The aim of this work is to use a
CFD code designed mainly for large scale (i.e. high Reynolds number) propellers to
compute the performance characteristics of a low Reynolds number propeller and then
compare those results with another software product that has been used more for low
Reynolds number propellers.
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CHAPTER I
INTRODUCTION
1.1

Introduction
Since the first days of aviation, propeller performance has been one of the most

intriguing subjects. Efficient transfer of power from a power plant (engine) to the fluid is
the goal. After more than a century of research on propellers, literature provides
documents and charts representing a wide cross section of possible designs. The advent
of jet engines though marked the end of propeller research for the most part.
With the recent increase in number the of UAVs, the lack of research/data about
low Reynolds number propellers has become more obvious, especially when compared
with the full-scale propellers. Most of the work investigating UAVs has been done using
wind tunnels and little has been done using computational simulation tools.
During the last few decades, Computational Fluid Dynamics (CFD) turned out to
be one of the more reliable tools, especially for simulating flows: flows around airfoils,
around wings and even flows inside blood vessels. However, it seems CFD simulations
for propellers has focused more on the marine field. Even though some documentation
can be found on full scale propellers, there still is not enough information available on
low Reynolds number propellers.
This work aims to study the performance characteristics of low Reynolds number
propellers using a CFD code, known as UNCLE_Turbo that was developed for large
1

scale propellers, and then compare the results with the results obtained using XROTOR
an MIT software product.
Low Reynolds number propellers are considered challenging in terms of
computations because of the small dimensions, which means we will need more refined
grids and more developed equations to take into account those small gradients around the
propeller. Low-Reynolds number means it is a viscous dominated flow which means it
can present additional difficulties numerically...
1.2

Thesis organization
This work will be structured as follows: The first chapter will discuss both wind

tunnel and CFD experiments on propellers. The second chapter will detail the main
differences between the UNCLE_Turbo code and XROTOR software, along with
describing the test cases simulated. The next chapter will discuss and compare the results
obtained. The last chapter will draw conclusions and point to potential future work.
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CHAPTER II
LITERATURE REVIEW
2.1

Propeller performance
For Selig and Brandt [1] testing UAVs propellers operating on a low Reynolds

number ranging from 50000 to 100000 (based on the chord at 75% for the propellers)
was primordial due to the growing number of UAVs nowadays. Their main goal was to
quantify in a proper way the propeller’s efficiency. They tested 79 blades none of which
exceeded an 11-inch diameter range. They used a fixed rotational speed for the propellers
(RPM), and kept changing the free stream velocity of the wind tunnel so they could test
𝑉

the propellers in a range of advance ratios (𝐽 = 𝑛𝐷) separately. They also used a range for
RPM (four different values) so they could see the effects of low Reynolds number on the
thrust and torque. One of the conclusions that seemed obvious was that as they increased
the rotational speed of the propeller its performance improved. This effect was more
visible on the efficiency and the thrust coefficient curves. Another conclusion was that as
they increased the propeller speed an increment in the Reynolds number was induced and
this is an expected behavior because of the improvement of aerodynamic performance of
airfoils. This study can be considered a general evaluation for small scale propellers due
to the wide range of propellers used in these experiments (some set to operate with
electric motors, others with fuel powered) and will help to form an experimental database
specific for these types of propellers.
3

In Monal Pankaj Merchant thesis [2] on low Reynolds propeller performance, the
global goal is similar to Selig & Brandt [1] seminar paper. He investigated 30 different
propellers of small dimensions: diameter range varied from 6 to 22 inches. All of these
tests have been conducted in an integrated propulsion test system that was designed to
measure precisely the performance at small scales. The results were very encouraging
since the expectation were satisfied and even surpassed in some cases. With these results
they were able to create a database for these type of propellers.
Brezina and Thomas [3] investigated the performance of a selection of propellers
with diameters varying between 4 and 6 inches and that were driven by an electric motor.
They designed a configuration using an electric motor inside of a wind tunnel. Both static
and dynamic performance were measured: for static measurement the propulsive
efficiency (ratio of propeller output power to electrical input power), and other
characteristics were compared in terms of the RPM (rotational speed). For dynamic
testing they focused more on changing the flow-stream velocity of the air instead of the
RPM, using a range of air velocities achieving a range of advance ratios, so the
characteristics were plotted for each RPM versus the advance ratio. They concluded from
these tests that thrust and torque improves with an increase in diameter and propeller
pitch for a specific airspeed and RPM. For static testing, the characteristics increase with
the propeller pitch even when the diameter is held constant, and when the pitch is held
constant and the diameter is changing the thrust and torque increases but the efficiency
decreases. Identical conclusions were found for dynamic testing. These results gave them
the possibility to create a connection between the characteristics and the ratio
Diameter/Pitch (D/P).
4

Stefko et al. [4] investigated the testing of an advance prop-fan using a high speed
wind tunnel. The prop-fan had a dimension of 24.5 inches with adjustable pitch and was
used to model a 9 ft. diameter prop-fan. The tests were conducted at a Mach number
proportional to the climb and cruise. In the cruise regime, the propeller model showed
satisfactory results in terms of performance over Mach numbers ranging from 0.45 to
0.85. These tests showed that the larger scaled prop-fan can be expected to perform
aerodynamically well.
Hughes & Gazzaniga [5] examined the performance of two high speed counterrotation propellers at a 0.2 Mach number, corresponding to the takeoff or landing Mach
number of the propeller. The aim of their experiment was to determine the effects of nonuniform inflow on the performance components for different blade angles and RPMs.
Non-uniform inflow was produced by fluctuating the model angle of attack of the
propeller (±16°), and by installing test rig simulators on the propellers. The power
coefficient and torque ratio variation was limited in the case of no rig simulators, and
when those were installed, significant changes were visible in the power coefficient and
torque ratio curves for both configurations.
Fred Weick [6] tested propellers using a new propeller research tunnel, and
compared the obtained results to those of real flight tests and model tests. The propellers
investigated were made of wood and had been previously tested in a wind tunnel.
Comparing the results of these propellers with those from the models (which are smaller
in term of scale) precision of the same order for the efficiency, thrust, and power
coefficient was shown. They also tested these propellers with and without the tail
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surfaces, and concluded that the effects of the tail on these characteristics were
negligible.
Korkan, Gregorek and Mikkelson [7] studied the different methodologies used for
propeller performance. As a result of their investigation, they concluded that the study of
different theoretical methodologies for propeller performance showed similarities and
returned decent results while comparing them, but they also find areas of amelioration
such as propeller tip effects, a correct modelling of interference drag.
Silvestre et al. [8] investigated the performance characteristics of low Reynolds
number propellers. To study the performance at low Reynolds number they used the case
of a high altitude airship propulsion. The development of a test rig used for calculation of
propeller performance characteristics was outlined. The diameter of these propellers
studied did not exceed 14 inches. To measure thrust and torque they used a range of
advance ratios for different RPMs. They concluded that as the Reynolds number
increases, which is a consequence of the increase in the RPM, the thrust coefficient and
efficiency also increase.
May et al. [9] designed a data collector system to be able to check the
functionality of the apparatus used, which is an out runner motor and propeller mounted.
The propellers used here are a set of APC propellers, with different pitch and diameter.
The data system has the ability to collect thrust, torque, and using these two getting the
power. To check the validity of the design, the results were compared to the UIUC
propeller database. After the comparison the results weren’t as expected with values for
the efficiency higher than 1, which was explained as being due to the large difference
between CT and CP.
6

Yang et al. [10] investigated the interaction between a propeller and a vortical
flow when it enters the propeller plane, this phenomenon is more known by Blade-Vortex
interaction (BVI). This interaction affects the performance of the propeller and the noise
production. The propeller performance was calculated by a rotating shaft balance. The
result of this investigation showed that the thrust and torque increases when the vortex
has opposite direction with respect to propeller rotation and vice-versa.
In Vargason [11], a senior project at Mississippi State University, a selection of
six small scale propellers with different diameters and different materials were used.
Testing those propellers in a wind tunnel was performed to get characteristics of
efficiency, thrust and torque. As a result of these tests they were able to conclude that
power coefficient and thrust coefficient have a direct relationship with the advance ratio:
power coefficient increases and the thrust coefficient decreases with the increase of the
advance ratio.
2.2

CFD analysis on propellers
In Janus [12] work on CFD simulation, one of the works presented was on general

aviation propeller simulation using MSU software called PROPS, a derivative of
UNCLE_Turbo. This investigation aimed to study these propellers and their interaction
with the surrounding flow fields that may create some loss in efficiency. The code used a
high-resolution approximate Riemann solver to solve the unsteady three-dimensional
Navier-Stokes equations. Two propellers were tested, a general aviation (McCauley) and
a modern design (QCS04). Three different fuselage configurations, an equivalent area
body, and an engine cowl with and without cooling inlets. As a conclusion, the efficiency
loss in the McCauley propeller appeared to be due to the angle of attack at the blade root
7

being negative, the QCS04 blade design accounted for the influence of the fuselage
(flowfield) and hence yielded significantly better performance values.
Stuermer and Rakowitz [13] report investigated unsteady CFD simulations on a
high-speed propeller. Two different cases where investigated: one inviscid and the other
viscous, using an unstructured and structured mesh respectively. The propeller in this
case was an eight-bladed prop. Two flight conditions were used, one with a zero-degree
angle of attack and the other at ten-degrees angle of attack. For the inviscid case they
were using an Euler method and for viscous case a Navier-Stokes method. An analysis on
the aerodynamic forces was done. As expected, forces were fluctuating when the angle of
attack was greater than zero. When the angle of attack is not zero, lift and axial forces are
produced and these forces combined contribute in the overall thrust created from the
propeller. So the thrust is greater when the angle of attack is not zero, and is greater in the
the inviscid case.
Sohel et al. [14] presented a journal article which compares analytical simulations
using the “Propeller Blade Element Theory” and a Computational Fluid Dynamics
simulation. The geometry used was a constant pitch propeller. The aim of this
comparison was to investigate thrust, torque and other characteristics of performance for
the low subsonic regime. The results showed some differences between the two methods,
analytical gave better results than CFD.
In Subhas et al. [15], they used commercial CFD code to investigate the
performance of a marine propeller. Their aim was to get a comparison of the nondimensional characteristics such as torque coefficient, thrust coefficient and efficiency
between the results of these simulations and experiments. Two simulations were done:
8

one with cavitation and the other one without. The cavitation condition was created by
lowering the vapor pressure of the surrounding liquid. This study gave the expected
results, complete agreement with the literature which led them to conclude that
commercial CFD codes can be considered as a reliable tool to simulate cavitation
phenomena.

9

CHAPTER III
METHDOLOGY
The version of the turbomachinery CFD code used for this simulation is known as
the UNCLE_Turbo. This version was originally developed to investigate unsteady flowfields within multi-stage turbomachinery. It includes numerical solution capability for
three-dimensional unsteady Euler equations, Thin-Layer Navier Stokes equations for both
laminar and turbulent flows and the full Reynolds-Averaged Navier Stokes equations. It
uses a Block LU factored two-pass iterative-refinement scheme with Symmetric GaussSeidel iterations to solve the equations which contain flux-difference split (FDS) and
flux-vector split (FVS) methodology for cell flux and flux Jacobian evaluation,
respectively, on either dynamic or stationary grids [16] [17]. The turbulence model used
is a Baldwin-Lomax turbulence model with fixed transition capability. It is considered an
algebraic model that aims to express the eddy viscosity as a function of the local
boundary layer velocity profile.
The geometry used here is a McCauley propeller used for a general aviation
aircraft from a previous study [12]. In this study the geometry was also scaled down to
get a model that can be used to simulate as a low Reynolds number propeller. An
axisymmetric equivalent area cowl (EAC) was also part of the geometry used in [12] and
is included here.

10

Figure 3.1

3D representation of the geometry [12]

For this simulation the rotating frame (solving the equations relative to a reference
frame attached to the rotating blade) has been chosen, because it showed better results
and also a faster convergence. The choice of a rotating frame simulation allowed us to
use local time stepping instead of minimum time-stepping. The grid used is a C-mesh, the
number of grid point is considerably low. There are 106 grid points in the I-direction
(axial), 44 in the J-direction (radial) and 51 in the K-direction (azimuthal). The grid is
created over an axisymmetric spinner and an equivalent area cowl EAC, considered as
the hub.

Figure 3.2

General view of the Grid
11

Figure 3.3

View of the hub spinner and EAC

UNCLE_Turbo was used to execute three runs. One of the runs was for the full
scale geometry of the propeller, 72” diameter, 110 KIAS, sea level, standard conditions,
using the turbulent solver. One was of a scaled down geometry (1/5) and the laminar
solver. The last one was of the small scale geometry using the turbulent solver.
XROTOR [18] is an interactive software product developed by Prof. Mark Drela
at MIT for the design and analysis of propellers and windmills. It includes various
routines, which enable extended capability, for example, the design of rotors, twist
optimization of a rotor and acoustic analysis. The software is based on blade element
theory. It uses a form of numerical lifting-line method to predict the aerodynamic
performance of the propeller configuration. A numerical lifting line method is a
mathematical method that calculates the lift and drag distribution along the span of the
blade. The aerodynamic forces obtained are a function of local geometry data and flow
conditions which includes the aerodynamically induced effects. The method starts by
dividing the blade into a number of sections (n), the lift for each section can be
formulated as a function of the circulation ()
(3.1)

𝐿 = 𝜌∞ 𝑉∞ Γ(𝑦𝑛 )
This circulation is used to calculate the induced angle of attack for each section:
1

𝑑Γ 𝑑𝑦

𝛼𝑖𝑛 (𝑦𝑛 ) = 4𝜋𝑉 ∫ 𝑑𝑦
𝑦
∞

𝑛 −𝑦

(3.2)

Using the local induced angle of attack, a local effective angle of attack can be obtained:
12

𝛼𝑒𝑓𝑓 = 𝛼 − 𝛼𝑖𝑛 (𝑦𝑛 )

(3.3)

The lift coefficient for each section is calculated using this effective angle of attack. The
aerodynamic data Cl and Cd for each section is input to XROTOR. To get that data the
use of XFLR5 was needed, where different sections were inputted and analyzed. After
creating the aerodynamic set of data, the use of the arbitrary geometry feature in
XROTOR was necessary. The radial location of each section, the chord length, and the
blade angle were all inputted. The new lift coefficient is then used to solve for a new
value of the circulation:
1

Γ(𝑦𝑛 ) = 2 𝜌∞ 𝑉∞ 𝑐𝐶𝑙𝑛

(3.4)

The value obtained is then compared with the initial circulation used, if they do
not match then the previous value is labeled as Γ𝑜𝑙𝑑 and the new one as Γ𝑛𝑒𝑤 . These steps
are then repeated until the Γ𝑜𝑙𝑑 and Γ𝑛𝑒𝑤 for all the sections matches to a certain level of
accuracy. Then the converged circulation  is used to calculate the lift and drag
coefficient:
𝐶𝐿 = 𝑉

2

∫ Γ(𝑦)𝑑𝑦

(3.5)

∫ Γ(𝑦)𝛼𝑖𝑛𝑑 𝑑𝑦

(3.6)

∞𝑆

𝐶𝐷 = 𝑉

2

∞𝑆

By default, the software uses a free tip potential formulation. The Potential
Formulation is considered a modern theory that solves for the helically-symmetric
potential flow which makes it valid for all advance ratios.
The way XROTOR solves for the thrust and torque forces is by first solving the
lift and drag forces and then using the angles that these forces form with the axial
direction and plane of rotation to solve for the thrust and torque.
13

Figure 3.4

View of an airfoil section and the diagram of forces

 is defined as the pitch angle,
𝑉

∞
=𝑡𝑎𝑛−1 Ω𝑟

(3.7)

1

(3.8)

𝑑𝐷 = 𝐵 2 𝜌𝑊 2 𝑐𝑑 𝑐𝑑𝑟

1

(3.9)

𝑑𝑇 = 𝑑𝐿 𝑐𝑜𝑠∅ − 𝑑𝐷 𝑠𝑖𝑛∅

(3.10)

𝑑𝑄 = (𝑑𝐿𝑠𝑖𝑛∅ + 𝑑𝐷𝑐𝑜𝑠∅)𝑟

(3.11)

𝑑𝐿 = 𝐵 2 𝜌𝑊 2 𝑐𝑙 𝑐𝑑𝑟

These values are then integrated over the radius of the propeller.
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CHAPTER IV
RESULTS
The choice of solving the Thin Layer Navier Stokes is due to the low amount of
streamwise grid points in the available grid. Gradients in the streamwise direction would
be inaccurately calculated because of the high distance between two successive grid
points.
The small scale geometry has been modeled by adjusting input values that are
functions of the diameter, such as Reynolds number and also rotational speed. By
entering a Reynolds number and a Mach number corresponding to a small scale geometry
the non-dimensional code understands that the diameter is also corresponding to the small
scale.
The simulations will be compared in three different ways: the first one a
comparison between Large Scale Turbulent and Small Scale Laminar to see the
differences between two natural regimes for the two geometries. The second comparison
is between Small Scale Laminar and Small Scale Turbulent to see the effect of a turbulent
regime on the performance of the small scale propeller. The third is a comparison
between the Large Scale Turbulent and XROTOR (large scale) and this comparison is to
test the UNCLE_Turbo code which is a CFD based code and generally used for the
simulation of full scale propellers, to another software product that can be used for either

15

a general aviation propeller or a small scale model propeller, and see how these two
software solutions compare.
4.1

Comparison between Large Scale Turbulent and Small Scale Laminar
For Large Scale the Turbulent solver is a Thin Layer Navier Stokes, using a value

for Mach of 0.1643 (110 knots) and a Reynolds Number of 8.16E6. The range of advance
ratios is 0.35 to 0.65
Table 4.1
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Results for Large Scale Turbulent
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
3.95E-01
9.62E-03
6.82E-02
6.04E-02
4.67E-01
9.52E-03
6.96E-02
5.99E-02
5.44E-01
9.18E-03
6.96E-02
5.76E-02
6.26E-01
8.40E-03
6.63E-02
5.28E-02
7.01E-01
7.48E-03
6.00E-02
4.69E-02
7.51E-01
6.44E-03
5.06E-02
4.04E-02
7.48E-01
5.50E-03
3.98E-02
3.46E-02

For Small Scale Laminar case the value for Mach is 0.1 and a Reynolds of 1.4E6.
The range of advance ratios is 0.35 to 0.65.
Table 4.2
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Results for Small Scale Laminar
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
5.37E-01
8.14E-03
6.24E-02
4.07E-02
5.80E-01
7.14E-03
6.26E-02
4.32E-02
6.20E-01
6.74E-03
5.84E-02
4.24E-02
6.46E-01
6.50E-03
5.23E-02
4.09E-02
6.43E-01
5.92E-03
4.34E-02
3.71E-02
5.98E-01
5.40E-03
3.38E-02
3.39E-02
5.10E-01
4.84E-03
2.38E-02
3.03E-02
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Figure 4.1

Efficiency vs advance ratio

Figure 4.2

Torque coefficient vs advance ratio
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Figure 4.3

Thrust coefficient vs advance ratio

Figure 4.4

Power coefficient vs advance ratio
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From Figures 4.1,4.2, 4.3 and 4.4 it can be seen that the Large Scale Turbulent
case gives better performance (e.g. efficiency) than the Small Scale Laminar. This can be
explained by the difference between the two different flow conditions, one flow is
turbulent and the other laminar, and the turbulent case has a higher Reynolds number and
a higher Mach number, also the geometries are different in dimensions.
The code has a capability of outputting the thrust and torque as a function of
radius. It also has the added capability of separating the thrust and torque into a skin
friction component and a pressure component.
The thrust and torque radial distribution have been calculated for two different
advance ratios, one where the difference between the two cases is the largest (J=0.4) and
a second is corresponding to the maximum efficiency for each case.
4.1.1

For J=0.4

Figure 4.5

Radial distribution of thrust at J=0.4
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Figure 4.6

Skin friction component of thrust at J=0.4

Figure 4.7

Pressure component of thrust at J=0.4

20

Figure 4.8

Radial distribution of torque at J=0.4

Figure 4.9

Skin friction component of torque at J=0.4
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Figure 4.10

Pressure component of torque at J=0.4

From Fig 4.5, it can be seen that near the hub there is a region of negative thrust
which can be explained by the blade angle in that region and the presence of the EAC.
The negative thrust region can be also seen in the figure of the pressure component. One
clear conclusion can be made is that the pressure component is dominant especially for
thrust.
The difference in radial torque distribution between the two cases can be
explained by the skin friction figure (Fig 4.9), where we can see that the skin friction is
negative which means that the flow is not only separated but recirculation is present,
meaning that in that region of the blade the velocity near the blade surface is of opposite
direction to that of the relative flow.
To illustrate this, the use of a 3D plot is necessary, utilizing the solution from the
simulation.
22

Figure 4.11

General view of the simulation

This is a general view for the simulation where we can see the relative velocity
vectors showing the direction of the rotation and where the hub of the configuration is
visible (region in the center in yellow).
Three views are plotted, the first one is at the first station of the blade (blade root),
which means nearest to the hub:
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Figure 4.12

3D plot near the hub

The boundary layer of the flow is visible on the upper and lower surface of the
blade. We can see that the flow separates toward the three-quarters x/c of the upper
surface and recirculation is visible.

Figure 4.13

3D plot near the hub zoomed in

The next view is toward the middle of the blade (r/R≈0.5)
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Figure 4.14

3D plot at the middle of the blade

The velocity vectors are visible here and the separation occurs at a smaller
distance from the LE than we saw near the hub.

Figure 4.15

3D plot near the middle zoomed in

The final view is near the tip (r/R>0.75):
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Figure 4.16

3D plot near the tip of the blade

Figure 4.17

3D plot near the tip of the blade zoomed in

Separation occurs nearly at the LE, and recirculation is certainly visible.
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4.1.2

For J corresponding to Max efficiency:

Figure 4.18

Radial distribution of thrust

Figure 4.19

Skin friction component of thrust at 𝐽𝜂𝑚𝑎𝑥
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Figure 4.20

Pressure component of thrust at 𝐽𝜂𝑚𝑎𝑥

Figure 4.21

Radial distribution of torque at 𝐽𝜂𝑚𝑎𝑥
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Figure 4.22

Skin friction component of Torque at 𝐽𝜂𝑚𝑎𝑥

Figure 4.23

Pressure component of torque at 𝐽𝜂𝑚𝑎𝑥
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Here again a region of negative thrust can be seen near the hub which can be
explained in the same way as before due to the blade angle at the section of the blade. It
can be seen also that the laminar case has a better distribution than the large scale
compared to the case of an advanced ratio of J=0.4, and this is due to the fact that
at 𝐽𝜂𝑚𝑎𝑥 the propeller is rotating slower than at J=0.4, which means the relative angle of
attack is lower and the flow stays attached to the blade better or longer than in the
previous cases. The pressure component is also the main component of the thrust and
torque.
Regarding the torque, the curves of the two cases look close to each other, except
for the skin friction where the laminar case shows that the recirculation is still occurring
even though for 𝐽𝜂𝑚𝑎𝑥 the portion of the curve in the negative side is smaller than for
J=0.4. This shows the effect of the advance ratio and in an opposite manner the effect of
the rotational speed. To prove this, a progression of the skin friction components for a
range of advance ratios have been plotted giving:

Figure 4.24

Skin friction component of torque progression
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4.2

Comparison between Small Scale Turbulent and Small Scale Laminar
For the next simulation comparison, the small scale geometry has been selected

with a turbulent solver this time. The flow conditions are a Mach number of 0.1
(112.6ft/s) and a Reynolds number of 1.4E6. The range of advance ratio goes from 0.35
to 0.65.
Table 4.3
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Results for Small Scale Turbulent
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
5.37E-01
8.14E-03
7.85E-02
5.12E-02
6.22E-01
7.62E-03
7.44E-02
4.78E-02
6.54E-01
6.96E-03
6.36E-02
4.38E-02
6.61E-01
6.44E-03
5.36E-02
4.05E-02
6.44E-01
5.92E-03
4.36E-02
3.72E-02
5.98E-01
5.40E-03
3.38E-02
3.39E-02
5.11E-01
4.84E-03
2.38E-02
3.03E-02

The same flow condition has been used for both cases only with different solvers,
now consider the laminar solver instead of a turbulent.
Table 4.4
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Results for Small Scale Laminar
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
5.37E-01
8.14E-03
6.24E-02
4.07E-02
5.80E-01
7.14E-03
6.26E-02
4.32E-02
6.20E-01
6.74E-03
5.84E-02
4.24E-02
6.46E-01
6.50E-03
5.23E-02
4.09E-02
6.43E-01
5.92E-03
4.34E-02
3.71E-02
5.98E-01
5.40E-03
3.38E-02
3.39E-02
5.10E-01
4.84E-03
2.38E-02
3.03E-02
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Figure 4.25

Efficiency vs advance ratio

Figure 4.26

Torque coefficient vs advance ratio
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Figure 4.27

Thrust coefficient vs advance ratio

Figure 4.28

Power coefficient vs advance ratio
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Here we can see that the turbulent case is more efficient and gives a better result
than the laminar case at small values of the advance ratio, which is due to the early
separation that occurs when the rotational speed is really high. Around the maximum
efficiency we can see that the laminar case becomes slightly better after converging to the
same values for high advance ratios.
Here also the capability of the code to calculate the thrust and torque as a function
of the radius is used. For two different advance ratios, 0.4 and 𝐽𝜂𝑚𝑎𝑥 the skin friction and
pressure component have been evaluated here.
4.2.1

For J=0.4

Figure 4.29

Radial distribution of thrust at J=0.4
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Figure 4.30

Skin friction component of the thrust at J=0.

Figure 4.31

Pressure component of thrust at J=0.4
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Figure 4.32

Radial distribution of toraue at J=0.4

Figure 4.33

Skin friction component of torque at J=0.4
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Figure 4.34

Pressure component of torque at J=0.4

A region of negative thrust can be seen near the hub that is due to the blade angle
in that region, along with the effect of the EAC. The thrust for the two cases is almost the
same for the first section until reaching the r/R where the separation occurs which is more
visible in the thrust curve for the laminar case. The pressure component here is also the
more dominant.
For the torque, the pressure component is also the more dominant. The skin
friction proves that the separation occurs in the laminar case earlier than for the turbulent,
as seen in Fig. 2.4.9, which shows that recirculation of the flow is still occurring.
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4.2.2

At an advance ratio corresponding to Max efficiency

Figure 4.35

Radial distribution of thrust at 𝐽𝜂𝑚𝑎𝑥

Figure 4.36

Skin friction component of thrust at 𝐽𝜂𝑚𝑎𝑥
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Figure 4.37

Pressure component of thrust at 𝐽𝜂𝑚𝑎𝑥

Figure 4.38

Radial distribution of torque at 𝐽𝜂𝑚𝑎𝑥
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Figure 4.39

Skin friction component of torque at 𝐽𝜂𝑚𝑎𝑥

Figure 4.40

Pressure component of torque at 𝐽𝜂𝑚𝑎𝑥
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The curves of thrust and torque are closer than for J=0.4, due to the fact that the
propeller is rotating slower and less separation occurs than for the higher rotational speed.
The pressure component is more dominant for both the thrust and the torque. The skin
friction component for the torque shows that recirculation is happening for both cases but
beginning at a different r/R position.
4.3

Comparison between UNCLE_Turbo and XROTOR

4.3.1

Large Scale Geometry
For the first comparison the large scale geometry has been selected with the

turbulent solver this time. The flow conditions are a Mach number of 0.1643
(110knots=185ft/s) and a Reynolds number of 8.16E6. The range of advance ratio goes
from 0.35 to 0.65.
Table 4.5
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Results for Large Scale Turbulent
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
3.95E-01
9.62E-03
6.82E-02
6.04E-02
4.67E-01
9.52E-03
6.96E-02
5.99E-02
5.44E-01
9.18E-03
6.96E-02
5.76E-02
6.26E-01
8.40E-03
6.63E-02
5.28E-02
7.01E-01
7.48E-03
6.00E-02
4.69E-02
7.51E-01
6.44E-03
5.06E-02
4.04E-02
7.48E-01
5.50E-03
3.98E-02
3.46E-02

For XROTOR the arbitrary geometry tool has been used to create and simulate
the flow around a model with the same properties as the large scale propeller. The flow
conditions used are also the same as the large scale conditions, giving results of

41

Table 4.6
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Figure 4.41

Results for XROTOR
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
3.95E-01
9.62E-03
6.82E-02
6.04E-02
4.67E-01
9.52E-03
6.96E-02
5.99E-02
5.44E-01
9.18E-03
6.96E-02
5.76E-02
6.26E-01
8.40E-03
6.63E-02
5.28E-02
7.01E-01
7.48E-03
6.00E-02
4.69E-02
7.51E-01
6.44E-03
5.06E-02
4.04E-02
7.48E-01
5.50E-03
3.98E-02
3.46E-02

Efficiency vs advance ratio (large scale)
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Figure 4.42

Torque coefficient vs advance ratio (large scale)

Figure 4.43

Thrust coefficient vs advance ratio (large scale)
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Figure 4.44

4.3.2

Power coefficient vs advance ratio (large scale)

Small Scale Geometry
For the second comparison the small scale geometry has been selected with the

turbulent solver. The flow conditions are a Mach number of 0.1 and a Reynolds number
of 1.4E6. The range of advance ratio goes from 0.35 to 0.65.
Table 4.7
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Results for Small Scale Turbulent
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
5.37E-01
8.14E-03
7.85E-02
5.12E-02
6.22E-01
7.62E-03
7.44E-02
4.78E-02
6.54E-01
6.96E-03
6.36E-02
4.38E-02
6.61E-01
6.44E-03
5.36E-02
4.05E-02
6.44E-01
5.92E-03
4.36E-02
3.72E-02
5.98E-01
5.40E-03
3.38E-02
3.39E-02
5.11E-01
4.84E-03
2.38E-02
3.03E-02
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For XROTOR the arbitrary geometry tool has been used to create and simulate
the flow around a model with the same properties as the small scale propeller. The flow
conditions used are also the same as the small scale conditions, giving results of:
Table 4.8
J
0.35
0.4
0.45
0.5
0.55
0.6
0.65

Figure 4.45

Results from XROTOR
Efficiency Torque Coefficient Thrust Coefficient Power Coefficient
6.31E-01
6.45E-03
7.20E-02
4.01E-02
6.91E-01
5.63E-03
6.02E-02
3.50E-02
7.26E-01
5.12E-03
5.10E-02
3.18E-02
7.48E-01
4.56E-03
4.23E-02
2.85E-02
7.54E-01
3.97E-03
3.37E-02
2.47E-02
7.41E-01
3.31E-03
2.54E-02
2.06E-02
6.95E-01
2.60E-03
1.71E-2
1.61E-02

Efficiency vs advance ratio (small scale)

45

Figure 4.46

Torque coefficient vs advance ratio (small scale)

Figure 4.47

Thrust coefficient vs advance ratio (small scale)
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Figure 4.48

Power coefficient vs advance ratio (small scale)

It can be seen that XROTOR produces results similar to what UNCLE_Turbo
outputs. For the large scale (turbulent) case at max efficiency, XROTOR has a higher
efficiency due to a better ratio of thrust to power even though both thrust and power are
predicted higher by UNCLE_Turbo. This is likely due to the EAC which is not accounted
for in the XROTOR run. At lower advance ratios UNCLE_Turbo predicts higher
efficiency again due to the EAC which tends to increase the effective pitch inboard (near
the root) enabling the blade to operate at a slightly lower angle of attack and not stall as
soon as XROTOR. Also there are significant regions where flow compressibility (even
supersonic flow near the tips) is seen. Although XROTOR uses a compressibility
correction, the flow must not exceed Mach 1, which UNCLE_Turbo indicates it does.
Hence the integrity of the XROTOR solution is questionable at the extremes of low
advance ratios.
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For the small scale, UNCLE_Turbo consistently produces higher thrust and power
levels, which is likely due to the EAC. For the small scale the forward velocity is lower
and hence the impact of the EAC is reduced. The overall efficiency of the
UNCLE_Turbo small scale is lower than XROTOR which may be due to the turbulent
nature of the simulation whereas the XROTOR values were produced from relatively low
Reynolds number (laminar) data.
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CONCLUSION
The aim of this work was to investigate the low Reynolds number performance of
the UNCLE_Turbo code, for a model propeller similar to a UAV scale propeller
simulations for laminar and turbulent flow were conducted and then comparisons were
made with XROTOR.
The low Reynolds number UNCLE_Turbo results appear to be qualitatively
correct, even though this was a limited case study. The difference between the large scale
turbulent and small scale laminar can be explained because of the differences in
geometry, and also it can be concluded that for the laminar case not only the separation
but the recirculation of the flow is the main reason of the performance drop. This can be
seen either in the skin friction component of the torque or the 3D plots. From the
comparison between the turbulent and laminar small scale, it can be seen that the
turbulent case is more efficient for the smaller advance ratios, corresponding to the higher
rotational speed. Separation is the main cause for the performance drop. Comparing these
results with XROTOR, it can be concluded that XROTOR gives lower torque, thrust and
power yet higher efficiency due to its dependence on low Reynolds number data and that
UNCLE_Turbo is operating with turbulent flow turned on. At high rotational speeds
XROTOR is not comparable due to potential supersonic flow.
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As future work, the use of a recent version of the Turbo code which includes an
unsteady K- turbulence model would be preferable. Also the investigation of a true set
of low Reynolds number propellers, i.e. designed specifically for use on small scale, low
speed configurations, is needed.
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