
  
Abstract— Propellers are being used as propulsive devices since 

the early days of aviation. However, if they are not properly 
designed, they can have poor efficiency, especially at low Reynolds 
numbers environments such as the case of the high altitude airships 
envisioned in the MAAT project. Experimental data those operating 
conditions are crucial to effectively improve and validate new 
numerical design tools. This work presents the development of an 
experimental setup for low Reynolds propeller testing. The 
experimental data were successfully compared against reference data 
to validate the test rig. In addition, the performance data for 
commercially available propellers that were not characterized in the 
existing literature is also presented. 
 

Keywords— Airships, Low Reynolds Propellers, MAAT Project, 
Wind Tunnel Experiments. 

I. INTRODUCTION 
N the last years, high-altitude airships have been considered 
as a platform for different purposes [1]. Particularly, for 

application as telecommunication platforms, surveillance, 
monitoring and for transportation of people and goods [2-8]. 
In Europe, the Multibody Concept for Advanced Airship for 
Transport (MAAT [9]) airships are being developed as an 
alternative medium and long range transportation system. The 
project involves 12 different institutions and aims to develop a 
heavy lift cruiser–feeder airship system. Since the cruiser will 
operate at stratospheric altitudes, propellers are a valid option 
for propulsion [6,10-16].  

Due to the high altitudes the MAAT airship propellers will 
operate in a Low Reynolds Number (LRN) flow environment. 
LRN effects can decrease the performance of propellers and 
the ability of the available numerical methods to predict that 
performance. To deal with this, JBLADE [17] software is 
being developed, as an open-source propeller design code, 
using a modified [18] Blade Element Momentum (BEM) 
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theory which accounts for three dimensional flow equilibrium. 
The software is coupled with XFOIL [19, 20]for its suitability 
in predicting LRN airfoil performance [21] JBLADE will be 
used to design different propellers as well as to estimate their 
off-design performance. 

To improve the prediction capability of JBLADE, accurate 
LRN propeller performance data is needed. 

Experimental work on propeller performance was abundant 
before WWII [22, 23] and a sound database of propeller 
performance characteristics got established. That was the 
golden age of propeller driven aircraft. After WWII, the 
widespread of jet propulsion [24] limited the use of propellers 
to light aircraft. However, in recent times, the small 
Unmanned Aerial Vehicles (UAV) advent has triggered the 
interest in the LRN wing and propeller aerodynamics. UIUC 
Applied Aerodynamics Group is a world leading institution, 
very active in the study of LRN aerofoils and propellers, with 
several publications describing experimental studies on 
propeller performance [25-28].  

This paper describes the development of a test rig for 
measuring propeller performance and the experimental tests 
procedure simulating the LRN environment found at high 
altitudes. A number of wind tunnel tests performed on 
different small propellers is reported. In addition, the 
validation of the experiments is described in detail and 
performance data not found in the literature is presented for a 
couple of well-known commercial propellers. 

II. METHODOLOGY 

A. Experimental Setup 
The design chosen for the propeller thrust balance closely 

resembles the T-shaped pendulum concept implemented by 
UIUC [25]. A sketch of the design is shown in Fig. 1. An 
effort was made to reduce the complexity of the assembly 
inside the wind tunnel, in order to ensure minimal flow and 
measuring disturbances. The T-shaped pendulum is pivoted 
about two flexural pivots while being constrained by a load 
cell outside of the tunnel in an area above the test volume, 
where plenty of room is available. The flexural pivots are 
frictionless, stiction-free bearings with negligible hysteresis 
that are suited for applications with limited angular travel. The 
pivots are made with flat, crossed flat springs that support 
rotating sleeves. These flexural pivots were chosen over the 
standard bearings since they greatly reduce the adverse 
tendencies that bearings are prone to, when used in static 
applications, namely stiction and hysteresis.  

Propeller Performance Measurements at Low 
Reynolds Numbers 
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Fig. 1  T-shaped pendulum thrust balance concept.  

 
The pendulum was designed in order to have the thrust 

vector located at the center of the test section. Another design 
concern was to ensure that there would be enough space for 
assembling the load cell and its accessories above the wind 
tunnel upper wall. Due to the 0.8mX0.8m dimensions of the 
test cross-section, it was decided to limit the maximum 
diameter of the propellers that can be tested to 14''. Using the 
data available at the propeller performance database provided 
by UIUC [28], it was concluded that for 14'' propellers, in 
static conditions, the worst case scenario, the maximum 
measured thrust is close to 15N.  

A preload weight was added to the balance on the opposite 
side to the load cell (see Fig. 2). This preload weight keeps the 
load cell in tension throughout propeller testing to make sure 
the load cell does not slip during negative thrust conditions. 
 

Load Cell Variable Positioning 

One of the key concepts for the assembly's sensitivity is the 
possibility to adjust the position of the load cell along the 
upper arm of the pendulum. Thus, it becomes possible to use 
the full range of the load cell for different intervals of 
propeller's produced thrust. Fig. 2 shows the system sketch, 
such that the distance L2 can be adjusted between 80mm and 
350mm in 10 increments of 30mm each. 

 
Fig. 2  Illustration of different load cell positions. 
 

Thrust and Torq ue Measurement 

The thrust load cell used is the FN3148 manufactured by 
FGP Sensors & Instrumentation having a maximum capacity 
of 100N. The torque produced by the propeller is measured 
using the RTS-100 and RTS-200 reaction torque transducers 
made by Transducer Techniques according to the torque level 
of the propeller being tested. Both thrust and torque load cells 
are connected to a high-precision strain gauge converter from 
mantracourt, model SCB-68 that converts a strain gauge 
sensor input to a digital serial output. 

 
Propeller Speed Measurement 

To measure the propeller rotation speed, a Fairchild 
Semiconductor QRD1114 photo-reflector was used to count 
the number of revolutions the output shaft makes in a fixed 
time interval (0.75s), resulting on an accuracy of 
±0.5Rev/0.75s. This sensor is constituted by two distinct parts: 
an infrared emitting diode and a phototransistor. A simple 
circuit composed by a limiting resistor, a bias resistor and a 
Schmitt trigger is used. The former is used, as the name 
suggests, to limit the current to the infrared diode. The bias 
resistor is used to produce an output on the phototransistor 
side. The output of the phototransistor is further cleaned and 
digitized using a Schmitt trigger. The latter component is 
essential in order to make the output relatively independent of 
the distance from the reflecting surface.  

Using this circuit, the sensor can be placed up to 2mm away 
from the reflective surface. The output voltage is near 0.27V 
when aimed at a white surface and about 4.61V when pointed 
at a black surface. The circuit has a response time of around 
50μs. The output voltages and response time of the circuit 
proved to be more than sufficient for measuring the rotational 
speed of the propellers, which never exceeded 7000 RPM as 
shown in Section III. 

 
Freestream Velocity Measurement 

The freestream velocity is measured with a differential 
pressure transducer, an absolute pressure transducer, and a 
thermocouple. The measuring mechanism uses two static 
pressure ports, one at the tunnel settling section and another at 
the entrance of the test volume, as it presented in Fig. 3. 

 
Fig. 3  Location of the static pressure ports.  
 
The contraction section makes the velocity increase and 

the pressure decrease at the test chamber. This pressure 
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difference is a measure of the tunnel flow rate. Thus, the 
velocity can be determined from Bernoulli’s equation: 

 (1) 

Considering that the tunnel is horizontal, , then: 

 (2) 

The incompressible continuity relationship: 
 (3) 

or 

 (4) 

Combining (2) and (4), allows the determination of the flow 
velocity in the test section: 

 (5) 

 
The atmospheric pressure outside of the tunnel is measured 

with the absolute pressure transducer model MPXA4115A 
made by Freescale Semiconductor. The temperature is 
measured with a National Instruments LM335 thermocouple 
located at the inlet of the wind tunnel. This measuring method 
is also independent of possible inaccurate installations 
regarding the correct direction of the pitot probe as it uses the 
factory pre-installed wind tunnel static pressure ports. 

 

B. Balance Calibration 
Before using the rig for any tests, each measuring 

instrument was calibrated. The thrust calibration was made in 
situ using calibrated weights and a low-friction pulley system 
to create an axial load simulating the propeller thrust on the 
load cell (see Fig. 4 (b)). By increasing and decreasing a 
known force on the load cell, a linear relationship between the 
thrust and voltage was determined. Regarding torque sensor 
calibration (see Fig. 4 (a)), the calibrated weights are used 
with a moment arm to create a known torque, and by adding 
and removing weights, a linear relationship between the torque 
and voltage was also calculated. These calibration procedures 
need to be regularly performed to ensure consistent results. 
Calibration was later verified using check-loads. Pure and 
combined check-loads were repeatedly applied to verify the 
balance calibration. 

 

 
(a)                                  (b) 

Fig. 4   Pictures of the thrust balance calibration procedure: 
(a) torque sensor (b) thrust load cell 

 

C. Propeller Performance Parameters 
Variables can be divided into two categories, namely 

measured and calculated variables. The measured variables are 
directly obtained from the measurement instruments. Physical 
measurements of thrust, torque, rotational speed, static 
pressures, atmospheric pressure, and temperature are gathered. 
From these quantities, propeller power and air density are 
calculated, respectively, according to: 

 (6) 
 

 (7) 

  
The above measured and derived quantities are non-

dimensionalized in order to obtain the propeller performance 
characteristics. These quantities include the thrust coefficient 
CT, power coefficient, CP, and propeller efficiency, .  In the 
static case, since the advance ratio is zero, CT and CP are 
plotted against the propeller rotational speed. For the non-
static case, the coefficients and the efficiency are plotted 
against the advance ratio. The definitions for the advance 
ratio, thrust and power coefficients, and propeller efficiency 
are, respectively, given by: 

 (8) 

 (9) 

 (10) 

 (11) 

  
where, is the freestream velocity; D is the propeller 

diameter; T is the propeller thrust; P is the propeller 
power and n is the propeller rotational speed expressed 
in rot/s. 
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D. Wind Tunnel Corrections  

Boundary Corrections for Propellers 

The interference experienced by a propeller in a wind tunnel 
was object of study by Glauert [29]. A propeller, when 
producing a positive thrust, creates a wake or slipstream of 
increased velocity. Considering that in a closed wind tunnel 
the flow is confined between solid walls, the condition of flow 
continuity leads to reduced velocity and increased pressure of 
the fluid surrounding the wake. 

These modified conditions behind the propeller change the 
relationship between the thrust and the freestream velocity of 
the wind tunnel propeller for a given rotational speed. Such 
that, in confined conditions, the thrust developed by the 
propeller is greater than would be developed in an unrestricted 
flow of the same freestream velocity with the same propeller 
rotation rate and blade pitch. Or, it can also be said that the 
thrust developed would be equal to that which would be 
expected at a lower  in freestream velocity [30]. The 
correction for this effect is: 

 (12) 

where 

 (13) 

and 

 (14) 

where  is the propeller disk area and  is the jet cross-
sectional area, and  is thrust. 

 
Motor Fixture Drag 

Due to the presence of the torque transducer and the motor 
fixture, the measured thrust is actually given by (T-Dfixture). To 
obtain the actual values of thrust, an assembly's drag model 
was implemented in order to correct the measured thrust 
values for different freestream velocities. The propeller thrust 
is, thus, given by: 

 (15) 
 The assembly's drag is estimated using: 

 (16) 
with 

 (17) 

Considering that the fixture is located in the propeller 
slipstream, a fixture drag velocity was used as the corrected 
freestream velocity given by Glauert's method 2.14 plus the 
slipstream induced velocity, at the propeller disk, given by the 
Actuator Disk Theory. 

 (18) 

 

E. Test Methodology 
For static performance tests, the propeller thrust and torque 

were measured along with the local atmospheric pressure and 
temperature at different RPM. For the performance tests with 

freestream speed, the propeller rotational speed was set to a 
desired value and the wind tunnel's freestream velocity was 
increased from 4 m/s to 28 m/s by 1 m/s increments. At 
freestream velocities smaller than 4 m/s, it was difficult to 
obtain the needed freestream velocity stability to proceed with 
the measurements, due to the interference between the 
propeller wake and the wind tunnel’s fan. At each measured 
freestream velocity, the propeller thrust and torque were 
measured along with the ambient pressure and temperature. If 
the torque value became too close to zero, the test was 
finished because the propeller was entering the windmill brake 
state. 

The collecting data procedure (see Fig. 5) begins with the 
execution of the LabView® data acquisition and reduction 
software. This is followed by putting the program to run test 
condition. The control software powers up the motor to the 
first pre-defined  setting and data for each freestream 
velocity step is collected. This procedure was repeated for all 

. Once the data was collected, the data reduction sub-
routine is executed. The collected data is systematically 
reduced, recorded and stored. Due to the complete automation 
of the process, the overall time for an entire run is just the 
physical tunnel run time. The procedure of collecting data in 
each freestream velocity is preceded by a “data convergence 
period” of 50s within a minimum error margin from the 
intended defined  and freetream velocity values to 
achieve the steady state. 

 
Fig. 5   Flowchart of the test methodology. 

 Convergence Criteria 
The procedure of collecting data in each freestream velocity 

is preceded by a “data convergence period” to achieve the 
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steady state. Two similar convergence criteria are 
implemented, one for the freestream velocity set and the other 
for the propeller’s RPM. Both convergence criteria are 
presented in Table 1: 

Table 1 – Convergence criteria for U and RPM.  

Criteria Min. Time [s] 
 40.0 

 40.0 
 

When both convergence criteria are verified, the data 
samples are recorded over a pre-defined period of time. In Fig. 
6 an example is presented of the torque and thrust outputs 
during the convergence and data collect phases. 

 
Fig. 6 Torque and Thrust outputs during the convergence and 
data collection phases. 

III. VALIDATION OF THE TEST RIG 
Before performing tests for new and uncatalogued 

propellers, the test rig was submitted to a complete validation 
study. The validation included a sample independence test in 
order to ensure that the results are not affected by the number 
of samples used to collect each point. The same propeller test 
was run with five different sampling settings as presented in 
Section 3.1. In addition, to ensure the repeatability of the 
measurements, the same propeller was tested in 3 different 
days, as shown in Section 3.2. Furthermore, the propeller 
performance obtained in UBI’s wind tunnel was compared 
with the data obtained by UIUC[31]. 

A. Sampling Independence 
The recorded output value of any measured or calculated 

variable is a mean of N values recorded at a sample rate of 
8Hz. Since this frequency is constant, when the sample 
number, , increases, the sampling time also increases and the 
test runtime becomes higher. This validation test was 
performed in order to find an acceptable samples number that 
does not affect the final result. The APC 11”x5.5” Thin 
Electric propeller was used.  
 
 
 

Table 2   No. of samples  vs sampling time. 
Number of Samples,  Sampling Time,  

50 6.25 
100 12.5 
200 25.0 
400 50.0 
800 100.0 

The results presented in Fig. 7 show some discrepancies for 
an advance ratio around 0.3 for the lower number of samples 
used to collect the data (50 and 100 samples) but converge for 
N>200. To ensure a correct data collection, 400 samples 
setting was used in all the tests presented herein. That with the 
8 Hz sampling rate made each point collecting phase takes less 
than one minute. 

B. Measurements Repeatability 
To ensure that the measurements are not dependent on the 

weather conditions on a specific day, the measurements for a 
specific propeller were performed on 3 distinct days. 
Furthermore, the measurements repeatability quality is an 
indicator of the integrity of the measurement system. If a 
measurement system cannot produce consistent and repeatable 
measurements, a verification of the measurements accuracy 
cannot be performed. The test rig was submitted to 
repeatability tests fulfilling the following conditions: 

• The same propeller and the same measurement 
procedure;  

• The same measuring instruments, used under the same 
conditions; 

• The same instrument calibration; 
• Repetition over 3 consecutive days. 

Fig. 8 shows comparisons of the APC 11”x5.5” Thin 
Electric performance data collected for the repeatability tests. 
Although the tests were performed during the summer, the 
weather conditions were quite different in the three days of 
testing, with sun on the first day moving to wind and rain on 
the remaining two days. However, the plotted results show an 
exceptional repeatability for all the performance parameters. 

C. Performance Data Comparison 
Two different APC commercial propellers were chosen to 

this step of validation, the 10x4.7” Slow Flyer and the 11x5.5” 
Thin Electric. Its performance data was compared with data 
available in the literature. The data for comparison was 
downloaded from the UIUC Propeller Data Site [28] and 
corrected according to Ref. [32].  
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(a) 

 
(b) 

 
(c) 

Fig. 7   Comparison using different number of samples for an 
APC 11”x5.5”. (a) thrust coefficient (b) power coefficient (c) 
propeller efficiency. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8   Comparison of measurements performed in 3 different 
days. (a) thrust coefficient (b) power coefficient (c) propeller 
efficiency. 
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(a) 

 
(b) 

 
(c) 

Fig. 9   APC 10”x4.7” Propeller data for 4000 RPM  (a) thrust 
coefficient (b) power coefficient (c) propeller efficiency. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10  APC 10”x4.7” Propeller data for 5000 RPM. (a) 
thrust coefficient (b) power coefficient   (c) propeller 
efficiency. 
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(a) 

 
(b) 

 
(c) 

Fig. 11 APC 11”x5.5” Propeller data for 3000 RPM. (a) thrust 
coefficient (b) power coefficient   (c) propeller efficiency. 

 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 12  APC 11”x5.5” Propeller data for 4000 RPM. (a) 
thrust coefficient (b) power coefficient   (c) propeller 
efficiency. 
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(a) 

 
(b) 

 
(c) 

Fig. 13  APC 11”x5.5” Propeller data for 5000 RPM. (a) 
thrust coefficient (b) power coefficient   (c) propeller 
efficiency. 

 

 Analyzing the results of the 10”x4.7” Slow Flyer propeller 
(see Fig. 9 and Fig. 10) it is seen that for the 4000RPM the 
measured thrust coefficient are slightly lower than those of 
UIUC, on the other hand, for 5000RPM this parameter closely 
matches the UIUC data points. Furthermore, for both 
rotational speeds UBI’s coefficient of power shows a negative 
offset of approximately 6% comparing to UIUC. Regarding 
the efficiency plots for this propeller, the measured efficiency 
at 4000RPM was closely the same whereas for 5000RPM UBI 
measured a maximum higher efficiency for a slightly lower 
advance ratio. 

 Regarding the results obtained for the APC 11”x5.5” Thin 
Electric propeller (see  Fig.11 to Fig. 13), it is possible to 
observe that for 3000RPM, the thrust coefficient from closely 
matches that of UIUC [28]. On the other hand, for 4000 and 
5000RPM there is an offset on the thrust coefficient value, 
UBI showing a larger value. This difference is more 
pronounced at intermediate advance ratios. Regarding the 
power coefficient, the values measured by UBI are again in 
good agreement for 3000 and 4000RPM and a slight 
difference appears at 5000 RPM, with positive offset in the 
intermediate J values, gradually becoming negative towards 
the lower end of the advance ratio. Since the propeller 
efficiency is dependent on the thrust and power coefficients, 
the differences in thrust coefficients are also present in the 
propeller efficiency graph. In addition, it is possible to observe 
that both thrust and power coefficients increase with the 
increase in the propeller rotational speed. This is a typical 
LRN behavior and relates to the increase of the airfoil 
maximum lift coefficient throughout the blade at higher 
Reynolds number to increased rotational speed. Another 
airfoil characteristic that improves with the Reynolds number 
is the lift/drag ratio. This becomes evident observing the 
efficiency increase from 3000RPM to 5000RPM, where the 
UBI data shows a greater improvement than the UIUC data. 
Nevertheless, the curve trends that are a clear feature of the 
propeller model are alike. 

 The existing differences in the performance between UBI 
and UIUC data can be explained by the different propeller 
rotational speed controlling system used by UBI and UIUC. 
During the collecting data phase an effective rotational speed 
control mechanism is a key factor. There is a large coupling 
between the wind tunnel freestream velocity and the propeller 
rotational speed. So, the average propeller rotational speed 
value is not a representative number in terms of data accuracy 
in case there is significant RPM variance, σ. Considering the 
same average RPM value, the higher the fluctuations around 
the target RPM, the higher the power that will be consumed. 
As it is stated in Ref. [31], UIUC initially used a manual 
control of the throttle setting through the knob of a device 
called the ServoXciter EF. After testing this “open loop” 
controlling system it was observed the actual RPM values 
fluctuated up to 40 RPM around the target value for different 
freestream velocities. UBI uses a closed loop PID controller, 
showing maximum fluctuations of 5 RPM around the target 
RPM value during the data collection. 
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D. Propeller Performance Data 
 After validating the test rig, two uncatalogued propellers 

were tested. These propellers belong to two different UBI's 
Aerospace Science Department UAV projects: OLHARAPO 
and LEEUAV. The propeller used by OLHARAPO is a 
12”x8” Aeronaut CAM Carbon Electric folding, with 3 blades. 
Regarding the LEEUAV, it uses a 13”x8” Aeronaut CAM 
Carbon Electric folding, 2-bladed propeller. 

 
  Aeronaut CAM Carbon Electric 12”x8” – 3 Blades 

The results of the 3 bladed Aeronaut CAM Carbon Electric 
propeller are shown in Fig.14. The results show an increase in 
both thrust coefficient and power coefficient with an increase 
in the propeller RPM. However, since the increase in the thrust 
coefficient is higher than that of the power coefficient, it 
results in a higher propeller efficiency for higher RPM’s.  As 
mentioned in Section 3.3 this is due LRN detrimental effect 
fading away as the Reynolds number increases with the 
rotational speed. 

The maximum efficiency of this propeller increases from 
about 65% for an advance ratio of 0.55 at 3000 RPM to 75% 
at an advance ratio of 0.65 and 7000 RPM. 

 
Aeronaut CAM Carbon Electric 13”x8” – 2 Blades 

Results for the Aeronaut Carbon Electric 13”x8” 2 bladed 
propeller are shown in Fig. 15. It is possible to observe an 
increase in the thrust coefficient with the Reynolds number, 
but no significant changes are visible in the power coefficient. 
Consequently, the thrust increase leads to the typical increase 
in the LRN propeller efficiency as the Reynolds number 
increases with propeller RPM. 

E. Propeller Efficiency Comparison 
 The four propellers subjected to the performance tests 

presented in this work, can be divided in two categories, 
namely the fine pitch propellers, including the two from APC; 
and the coarse pitch propellers, including the two remaining 
Aeronaut propellers. In order to investigate the effect of the 
propeller pitch on the overall efficiency, two additional charts 
are plotted in Fig. 16 comparing the efficiency of the four 
propellers at 4000 RPM and 5000 RPM respectively. 

 
 
 
 
 
 
 
 
 
 
 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 14   Aeronaut 12x8” Propeller data for 3000 RPM, 5000 
RPM and 7000 RPM (a) thrust coefficient (b) power 
coefficient (c) propeller efficiency. 
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(a) 

 
(b) 

 
(c) 

Fig. 15   Aeronaut 13”x8” Propeller data for 4000 RPM and 
6000 RPM (a) thrust coefficient (b) power coefficient (c) 
propeller efficiency. 

 

 
(a) 

 
(b) 

Fig. 16 Efficiency comparison of the four tested 
propellers. (a) 4000RPM (b) 5000RPM 
 

Analyzing the results of the comparison between the tested 
propellers, it is possible to observe that: 

• The two Aeronaut propellers, with their coarse pitch, 
have higher maximum efficiency; 

• The two APC propellers shown a higher efficiency for 
advance ratios lower than 0.4; 

• The maximum efficiency of the tested fine pitch 
propellers is around 60% for an advance ratio of 0.4. On the 
other hand, the maximum efficiency of the Aeronaut 
propellers is higher than 70%; 

• At the maximum efficiency point of the APC propellers 
(J=0.4), there are no significant differences in the efficiency 
of all the tested propellers for both rotational speeds; 
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• Between both APC propellers, the APC 11”x5.5” Thin 
Electric shows to be more efficient in all presented conditions. 
The difference in efficiency between this two propellers 
appear to be more pronounced at lower RPM and may be 
attributed to the higher Reynolds number of the bigger 
propeller for a given rotational speed; 

• Between both Aeronaut propellers, the 2 bladed 
Aeronaut 13”x8” shows to be more efficient in all presented 
conditions. The Aeronaut 13”x8” has a maximum efficiency 
of about 74% for an advance ratio of 0.6, while the 3 bladed 
Aeronaut 12”x8” shows a maximum efficiency of slightly 
above 70% for a lower advance ratio of 0.55. The difference in 
efficiency between this two propellers appear to be more 
pronounced at higher advance ratios (J > 0.55), this can be 
explained by the different number of blades between the two; 

The fine pitch propellers show a smaller range of usable 
advance ratios (0.1 to 0.6) when compared with the coarse 
pitch propellers which show a wide range of operational 
advance ratios (0.1 to 0.85). 

F. Uncertainty Analysis 
 The measurements error propagation begins with the 

primary quantities including thrust, torque, ambient pressure, 
ambient temperature and tunnel flow rate static ports 
differential pressure. The purpose of the error analysis is to 
determine the level of precision of the presented propeller 
performance results. In order to execute the analysis it was 
assumed that there is no error on the conversion from the 
sensor's voltages to the physical quantities; on the propeller 
diameter since it is given as a specification from the propeller 
manufacturer and on the wind tunnel sections dimensions 
since it is given as a specification from the manufacturer.7 

 Although the manufacturers provide this uncertainty 
information about the sensors, all the primary readings 
experience some level of fluctuations. If the fluctuations in the 
measurement of parameter X have a normal distribution, then 
95% of the samples will fall within ±2σ of the mean, so 
δ(X)=2σ can be applied [33]. The uncertainties analyzed 
include the wind tunnel freestream velocity, the propeller 
advance ratio, rotational speed, coefficients of thrust and 
power as well as the efficiency. A summary of the uncertainty 
analysis relative to the 12”x8” Aeronaut CAM Carbon folding 
3-bladed propeller at 5000 RPM test is presented in the Table 
3. 

It can be noted that: 
• For freestream velocities around 5-6 m/s interval there is 

an increased uncertainty in the results. By analyzing the raw 
data, this appears to be a result of higher fluctuations on the 
measurements around this velocity interval; 

• For freestream velocities above 7 m/s, the uncertainty in 
this parameter is less than 1%; 

• The uncertainty in CT is typically less than 0.3%; 
• The uncertainty in CP is typically less than 0.6%; 
• The uncertainty in η is typically less than 1%. 

The observed uncertainties prove to be small and, as 
expected, they increase as the predominant primary 
measurement decreases such as the uncertainty in freestream 
velocity which increases as Pdiff measurements decrease. This 

increased uncertainty can be found at the 5-6 m/s freestream 
velocity interval for all the tests. 

 
Table 3  Aeronaut 12”x8”, 3 bladed Propeller uncertainty for 
5000 RPM data  

Uncertainty  
V’ V [%] J [%] CT [%] CP [%] η [%] 

4 2.834 0.186 0.193 0.463 2.874 
5 3.833 0.178 0.173 0.446 3.859 
6 2.533 1.744 3.363 3.376 3.126 
7 1.480 0.176 0.267 0.502 1.576 
8 0.817 0.170 0.245 0.477 0.964 
9 0.891 0.166 0.181 0.450 1.003 

10 0.551 0.177 0.222 0.520 0.758 
11 0.617 0.167 0.236 0.468 0.791 
12 0.420 0.163 0.203 0.493 0.660 
13 0.334 0.166 0.235 0.540 0.654 
14 0.380 0.173 0.332 0.606 0.755 
15 0.309 0.171 0.332 0.654 0.765 
16 0.376 0.173 0.539 1.407 1.533 
17 0.273 0.171 0.926 0.854 1.267 

IV. CONCLUSIONS 
This paper has presented the development and validation of 

a new test rig, suitable to test a wide range of low Reynolds 
number propellers up to a diameter of about 14”. 

Furthermore, the performance of two CAM Carbon 
Aeronaut propellers was measured over a range of propeller 
advance ratios for different rotational speeds.  

It was shown that as the Reynolds number increases with 
the increase of propeller RPM, the propellers performance is 
significantly affected by increasing their thrust coefficient and 
efficiency.  

The developed test rig can be used for several purposes, 
namely to improve the JBLADE Software.  
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