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Aerodynamics III, Lab 5

James Garmon, Ayan Gogri, Elizabeth Bruner, and Rushi Faldu
North Carolina State University, Raleigh, North Carolina, 27607

The lab evaluates the performance of a fixed-pitch NACA 4412 propeller using experi-
mental testing in a low-speed wind tunnel and analytical modeling. The propeller was made
via SolidWorks modeling and a 3D printer, and tested at a constant rotational speed of
4000 RPM across a range of freestream velocities. Experimental measurements of thrust,
torque, rotational speed, dynamic pressure, and ambient conditions were used to calculate
non-dimensional performance coefficients, including thrust coefficient (Cr), power coeffi-
cient (Cp), advance ratio (J), and propulsive efficiency (7,). Analytical predictions based on
blade element theory and airfoil lift and drag data were generated for comparison. Results
indicate that thrust decreases with increasing advance ratio, while power varies more grad-
ually, producing peak propulsive efficiency within a narrow band of J. Differences between
experimental and analytical results were attributed to manufacturing imperfections, tur-
bulent assumptions not being taken into account, and measurement uncertainties. Overall,
the lab provides a characterization of propeller performance and identifies the operating
conditions for optimal efficiency, demonstrating the usefulness of combining experimental
testing with analytical modeling.

Nomenclature

= Thrust coefficient

= Power coefficient

= Section lift coefficient
= Section drag coefficient

= Propeller diameter
= Advance ratio, J = Voo
nD
Number of blades
= Shaft power
= Shaft torque
= Propeller radius
= Thrust
=  Freestream velocity
= Angular speed, 2 = 27n
= Rotational speed (rev/s)
= Radial coordinate along the blade
= Non-dimensional radius, 7 = r/R
= Local blade chord

N
= Propeller solidity, o = i
TR

= Section angle of attack

= Local blade pitch angle

= Inflow angle at the blade element
= Propulsive efficiency

= Air density
=  Freestream dynamic pressure
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I. Introduction

His group project assesses the performance of a fixed pitch propeller in a low speed wind tunnel using
T non-dimensional performance coefficients and polynomial curve fits. Experimental data consisting of
dynamic pressure, tunnel temperature, ambient pressure, thrust, torque, and rotational frequency are reduced
to advance ratio J, thrust coefficient Cr, power coefficient Cp, and propulsive efficiency 7,. Lines of best
fit are then applied to the Cp-J, Cp-J, and n,-J data to smooth measurement scatter and provide simple
analytic expressions for propeller performance. The resulting curves are used to describe overall trends,
quantify the operating range over which the propeller is most effective, and identify the advance ratio that
maximizes propulsive efficiency for the tested configuration.

II. Methodology

A. Experimental Data Collection

The propeller was fabricated using a 3D printer and inspected to ensure sufficient dimensional accuracy
and structural integrity. The complete propeller can be seen in Fig. [3] The experimental data was collected
in the university’s subsonic wind tunnel using a dedicated propeller testing rig. A rotational speed of 4000
RPM was selected for the propeller, and this value held constant throughout the entirety of data collection.
This will allow a direct comparison between theory and experimental results. The propeller was mounted
onto the hub of the testing rig, and was ensured to be properly fixed and secure. The orientation of the
blades was checked before testing to guarantee that the pitch was facing the correct direction during rotation
for positive thrust to be generated. The Gamma ATI load cell was zeroed without any aerodynamic load
applied. The hall effect sensor was also tested before the data was collected by spinning the motor briefly
to check for a rotational speed measurement. The wind tunnel’s dynamic pressure and temperature sensors
were activated, as well as the digital ambient temperature barometer. All data channels were simultaneously
monitored through the tunnel’s data acquisition system.

After setting up all sensors and methods of data acquisition, the testing commenced. The wind tunnel
was set to a series of freestream velocities corresponding to a range of advanced ratios. At each teat point,
the propeller was spun at a constant 4000 RPM while the flow in the tunnel stabilized. Once steady state
conditions were met, data points for thrust, torque, rotational speed, dynamic pressure, temperature, and
room pressure were recorded. Data was collected for multiple values of freestream velocity to generate a full
performance curve. An experimental flow diagram for this process can be seen below in Fig.
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Figure 1: Data collection experimental flow diagram.

B. MATLAB Code

For this lab, the experimental data for the designed NACA 4412 propeller and the analytical data for the
propeller are both compared. To calculate the experimental results, the data is converted to SI units. Then,
using the ideal gas law, air density is calculated. Over here, R is the gas constant for air.

p

RT
In the above equation, atmospheric pressure and wind tunnel temperature is utilized. Using the density

of air and the dynamic wind tunnel pressure, free stream velocity is calculated.
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Next, the rate of rotation of the propeller in hertz is calculated using equation (3). The rate of rotation
N, propeller diameter D, and the free stream velocity are then used to calculate propeller advanced ratio J.

RPM
N=——
- (3)
Voo
=D @

Thrust and power coefficients are important in analysis of the propeller performance. Hence, using the
calculated variables above and the experimental thrust data, the the thrust coefficient is calculated. Over
here, T stands for experimental thrust.

__Tr (5)
- pN2D*4

During the experiment the power is not measured. Hence, to calculate both power and power coefficient,
the measured torque Q is utilized in the following equations.

Cr

P =27NQ (6)
P
Cp= ONSDP (7)

To calculate analytical values for the NACA 4412 propeller, lift and drag coefficient data is needed. This
data is available in NACA airfoil library. Apart from that, the propeller diameter, radius, chord, advanced
ratio, number of blades, and the angle of attack are assumed the same as the experimental propeller.

For the analytical data, the differential thrust coefficient generated by a small radial blade segment is
given by the following equation.

dCr = (J? + n*7?) 0 (Cycos ¢ — Cysin ¢) dr. (8)

The term (J? + 7272) captures the combined axial and rotational velocity components, while o scales
the aerodynamic load according to the propeller’s geometry. The quantity (Cy cos ¢ — Cysin ¢) projects the
sectional lift and drag forces into the thrust direction, and dF accounts for the width of the radial element
being considered. The differential power coefficient, describing the torque and power contribution of the
same blade element, is expressed as the following equation.

dCp =7 (J? + 7*72) o (Cysing + Cycos ¢) dr. 9)

In this equation, w7 converts aerodynamic forces into a moment about the propeller axis. As with the
thrust expression, the velocity terms and solidity determine the magnitude of the aerodynamic loads. The
projection (Cysin¢g + Cy cos ¢) identifies the component of lift and drag contributing to torque, producing
the elemental power input required to rotate the propeller.

The propeller solidity o, which characterizes the ratio of total blade area to the area swept by the propeller
disk, is defined as the following equation.

(10)

where N is the number of blades, ¢ is the blade chord, and R is the propeller radius. A higher solidity
corresponds to a more heavily loaded propeller, increasing both thrust and power demand.

The inflow angle ¢, which determines the direction of the relative wind seen by each blade element, is
given by

o= arctan(iﬁ)) , (11)

2

where Vj is the freestream velocity and V3 is the rotational (tangential) velocity at the blade element. This
angle directly influences the local angle of attack and therefore the lift and drag forces produced.
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The rotational speed of the propeller in radians per second is calculated using equation (12). This speed
can be multiplied by the local radius or the position on the propeller to get the local speed in meters per

second.
27 RPM

60

This conversion enables the tangential velocity and inflow angle to be computed consistently in SI units.
The radial coordinate 7 used in Egs. (1) and (2) is nondimensional, defined as the ratio of the local radius
to the propeller tip radius, and spans the interval 0 < 7 < 1.

0= (12)

C. 3D Modeling

To model the propeller, both SolidWorks and AirfoilTools was used. The NACA 4412 was selected,
and its coordinate data was exported and imported into SolidWorks using the Curve Through XYZ Points
tool. After the hub was modeled, planes were placed at the outer diameter, and then several intermediate
points along the radius of the propeller. The Curve Through XYZ Points tool was then utilized to sketch
on each plane, creating multiple cross sections of the finalized propeller. A 3D curve connecting all of the
cross sections leading and trailing edge was drawn to aid the loft tool, which was used to connect each cross
section of the propeller.

The Airfoil in SolidWorks is shown in Fig. 2] The printed model is shown in Fig. [3|

Figure 2: Propeller model in SolidWorks.
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III. Results and Discussion

Figure 3: Fabricated propeller.

Using the MATLAB calculated results, multiple graphs were plotted to analyze the experimental and
analytical propeller performance and compare and contrast between them.
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Figure 4: Coefficient of power vs. advanced ratio.

Page 6 of 21



Fig. [4 shows the analytical and experimental coefficient of power as a function of the advanced ratio.
The analytical line of best fit shows a peak at around .48, and the experimental line of best fit has a peak
around .42. Both graphs show an overall downward trend, with a high advanced ratio corresponding to
a low power coefficient. Differences between the experimental and Analytical plots have several factors,
including manufacturing/print error, causing unexpected turbulence from surface finish on the blades, or an
error in the calculation of the analytical plot, possibly due to neglecting certain forces experienced in the
experimental. A peak coefficient of pressure at low through moderate advanced ratios aligns with expected
propeller behavior, where blades operate at higher angles of attack and produce more aerodynamic resistance.
As the propeller unloads at higher advanced ratios, the power requirement will drop.
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Figure 5: Coefficient of thrust vs. advanced ratio.

Fig. [5] shows the analytical and experimental coefficient of thrust as a function of the advanced ratio.
The maximum thrust coefficient achieved was approximately 0.085, whereas the theoretical maximum thrust
coeflicient, according to the line of best fit, is around 1.15. This shows that the theoretical maximum thrust
is around 13.5 times the experimental maximum thrust. This vast difference can be accounted for by several
factors. The manufactured propeller was 3D printed. Hence, it had high surface roughness and minor warps.
This could have reduced the generated thrust significantly. Additionally, tip vortices and losses could have
amounted to a big loss in the experimental thrust. Lastly, the vast difference in data could also have been
due to experimental setup errors. The load cell could have been wired incorrectly or could not have been
calibrated propeller, resulting in such a drastic difference. However, both plots show a downward trend in
thrust generated as the propeller advance ratio increases.
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Figure 6: Efficiency vs. advanced ratio.

Fig. [6] shows the analytical and experimental propeller efficiency as a function of the advanced ratio.
Both the experimental and analytical data form a bell-shaped curve. Both graphs achieve a peak efficiency
of 0.62. However, the peak of the analytical graph is reached around an advance ratio of 0.35, whereas for
the experimental graph, the peak efficiency is achieved at an advance ratio of 0.425. Apart from that, the
experimental curve shows a negative efficiency initially, which is not present in the analytical curve. As
mentioned earlier, the experimental propeller was 3D printed, which could have resulted in a rough surface
texture and minor warps, causing a difference in the propeller efficiency. Furthermore, tip losses could
account for the negative efficiencies seen in the figure above.

IV. Conclusion

The experiment met its goal of characterizing the performance of a fixed-pitch propeller using non-
dimensional coefficients and simple analytical fits. Experimental measurements were reduced to Advance
ratio J, Thrust coefficient Cr, Power coefficient C'p, and propulsive efficient n,,. Fig and ﬁg showed that
thrust decreased with increasing J while power varied more gradually, indicating the propeller produced
its highest thrust at lower advance ratios but continued to draw power across the full range of test condi-
tions. Lines of best fit provided smooth analytical curves that captured the overall behavior and made the
underlying trends easier to interpret rather than raw scattered data.

The efficiency 7, results included the analytical and experimental curves in ﬁg@ showing a clear peak in
propulsive efficiency over a relatively narrow band of J, with efficiency dropping at both lower and higher
advance ratios. This identified a optimal spot where the propeller converted shaft power to thrust most
effectively.

Several sources of error contributed to the difference between analytical and experimental performance.
The 3D printed propeller caused geometric deviations and surface roughness that could have caused un-
expected turbulence on the blade. Additional differences could have been caused from aerodynamic losses
such as tip vortices. These would have further reduced the experimental thrust and efficiency relative to the
theoretical predictions.
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V. Appendix

A. MATLAB Code
clear; clc; close all;
%% EXPERIMENTAL DATA

dataFile = LabDATA.xlsx ;
rawData readmatrix (dataFile);

q_tunnel = rawData(:,3);

T_airF = rawData(:,4);
p_airPSI = rawData(1,5);
rpm_hz = rawData(:,6);

F_exp = rawData(:,7);
M_exp rawData(:,8);

D_in = 10;

gq_tunnel q_tunnel *x 47.88026;
T_air (T_airF - 32) * (5/9) + 273.15;
p_air = p_airPSI * 6894.75729;

F_exp = F_exp * 4.44822;
M_exp = M_exp * 0.11298483;

D = D_in * 0.0254;

R = 287;

rho_air = p_air ./ (R .x T_air);

N = rpm_hz;
Vinf = sqrt((2 .* g_tunnel) ./ rho_air);

J = Vinf ./ (N .*x D);

CT_exp = F_exp ./ (rho_air .x N."2 .*x D."4);

P_exp
CP_exp

2 .x pi .x N .*x M_exp;
P_exp ./ (rho_air .*x N.”3 .x D."5);

eta_exp = (CT_exp .* J) ./ CP_exp;

J = real(J);

CT_exp = real(CT_exp);
CP_exp = real(CP_exp);
eta_exp = real(eta_exp);

%% EXPERIMENTAL PLOTS

figure(1); hold on; grid on
scatter(J, CT_exp, 'filled', 'o')
xlabel ('J")

ylabel ('C_T"')

title('C_T vs J (Experimental)')

Page 9 of 21



figure (2); hold on; grid on
scatter(J, CP_exp, 'filled', 'o')
xlabel ('J")

ylabel ('C_P"')

title('C_P vs J (Experimental)')

figure(3); hold on; grid on
scatter (J, eta_exp, 'filled', 'o')
xlabel ('J")

ylabel('\eta_p')

title('\eta_p vs J (Experimental)')

%% ANALYTICAL MODEL

numBlades = 2;
R_in = 5;
c_in = 0.8464;

.6419522328;
.2839044660;
.9258566990;
.5678089310;
.2097611640;
.8517133970;
.493665630017 ;

r_in = [

D W wWwWNNR - O

[}
—

H O O O O O O

r_bar .1428571429;
.2857142857;
.4285714286;
.5714285714;
.7142857143;
.8571428571;

.000000000017 ;

theta

[42.25873;
33.85051;
26.41766;
19.84702;
14.03857;
8.90391;
4.36487];

c = c_in * 0.0254 * ones(size(r_in));
r_in *x 0.0254;
R_in * 0.0254;

H
|

R

dr = r_bar(2) - r_bar(1);

foil = readmatrix ( xf-nacad4412-i1-50000.x1sx ) ;
alphaTab = foil(:,1);

CLtab = foil(:,2);

CDtab = foil(:,3);

good = isfinite(alphaTab) & isfinite(CLtab) & isfinite (CDtab);
alphaTab = alphaTab(good);
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CLtab = CLtab(good);
CDtab = CDtab(good);

CLfit = polyfit(alphaTab, CLtab, 3);
CDfit = polyfit(alphaTab, CDtab, 2);

amin = min(alphaTab);
amax max (alphaTab) ;

CT_th = NaN(length(J),1);
CP_th NaN(length(J),1);
eta_th = NaN(length(J),1);

for j 1:1length(J)
V = Vinf (j);
omg = 2*pi*N(j);

dCTsum = O0;
dCPsum 0;

for k = 1:length(r)

rr = r(k);

rb = r_bar (k);

cc = c(k);

sol = (numBlades * cc) / (pi * rr);
Vtan = omg * rr;

if Vtan <= 0, continue; end

phi = atan(V / Vtan);

aoa = theta(k) - phi * 180/pi;
aoa = min(max(aoa, amin), amax);
CL = polyval(CLfit, aoa);

CD

polyval (CDfit, aoa);

A= J(j) 2 + (pi~2)*(rb~2);

dCT = A * sol * (CL*xcos(phi) - CD#*sin(phi)) * dr;
dCP = pi*rb * A * sol * (CL*sin(phi) + CD*cos(phi)) * dr;
dCTsum = dCTsum + dCT;
dCPsum = dCPsum + dCP;
end
CT_th(j) = numBlades * dCTsum;
CP_th(j) = numBlades * dCPsum;

eta_th(j) = (CP_th(j) > 0) .* (CT_th(j) .* J(j) ./ CP_th(j));
end

%% ANALYTICAL PLOTS

figure (4); hold on; grid on
scatter(J, CT_th, 'filled')
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xlabel ('J")
ylabel ('C_T"')
title('C_T vs J (Analytical)"')

figure(5); hold on; grid on
scatter(J, CP_th, 'filled')
xlabel ('J"')

ylabel ('C_P")

title('C_P vs J (Analytical)')

figure(6); hold on; grid on
scatter (J, eta_th, 'filled')
xlabel ('J")

ylabel ('\eta_p')

title('\eta_p vs J (Analytical)')

%% COMPARISON PLOTS

J(J < 0) = 0;
[Js, idx] = sort(J);

CTe = CT_exp(idx);
CPe = CP_exp(idx);
etae = eta_exp(idx);

CTt = CT_th(idx);
CPt = CP_th(idx);
etat = eta_th(idx);

goodCT = isfinite(Js) & isfinite(CTt);
goodCP = isfinite(Js) & isfinite (CPt);
goodEta = isfinite(Js) & isfinite(etat);

Jfine = linspace(0, max(Js), 300).';

figure;

tiledlayout (1,2, 'Padding', 'compact','TileSpacing','compact')
nexttile;

pt = polyfit(Js(goodCT), CTt(goodCT), 3); ft = polyval(pt, Jfine);
plot (Jfine, ft, 'r-', 'LineWidth', 2); hold on;

scatter (Js(goodCT), CTt(goodCT), 35, 'filled', 'MarkerFaceColor','b')
grid on; grid minor

xlabel ('J")

ylabel ('C_T"')

ylim ([0 max (CTt)*1.5])

title('C_T vs J (Analytical)"')

nexttile;

pe = polyfit(Js, CTe, 3); fe = polyval(pe, Jfine);

plot(Jfine, fe, 'r-', 'LineWidth', 2); hold on;

scatter(Js, CTe, 35, 'filled', 'MarkerFaceColor','b')

grid on; grid minor

xlabel ('J")

ylabel ('C_T")

y1lim ([0 max (CTe) *1.5])

title('C_T vs J (Experimental)')

Page 12 of 21



figure;

tiledlayout (1,2, 'Padding', 'compact','TileSpacing','compact')

nexttile;

pt = polyfit(Js(goodCP),
plot (Jfine, ft, 'r-',
CPt (goodCP),

scatter (Js(goodCP),
grid on; grid minor
xlabel ('J")

ylabel ('C_P')

'LineWidth',

ylim ([0 max (CPt)*1.5]1)
title('C_P vs J (Analytical)')

nexttile;

pe = polyfit(Js, CPe,
plot (Jfine, fe, 'r-',

scatter (Js, CPe, 35,
grid on; grid minor
xlabel ('J")

ylabel ('C_P')

3); fe = polyval(pe,

'LineWidth',

CPt (goodCP),

35,

3);
2); hold on;
'filled',

2);

hold on;

'filled', 'MarkerFaceColor'

ylim ([0 max (CPe)*1.5]1)
title('C_P vs J (Experimental)')

figure;

tiledlayout (1,2, 'Padding', 'compact','TileSpacing

nexttile;

pt = polyfit(Js(goodEta),
plot (Jfine, ft, 'r-',

scatter (Js(goodEta),
grid on; grid minor
xlabel ('J")
ylabel('\eta_p')
ylim ([-0.3 0.71)
x1lim ([0 .8]1)

'LineWidth',
etat (goodEta),

title('\eta_p vs J (Analytical)')

nexttile;

pe = polyfit(Js(goodEta),
plot(Jfine, fe, 'r-',

scatter (Js(goodEta),
grid on; grid minor
xlabel ('J")
ylabel('\eta_p')
ylim ([-0.3 0.71)
x1lim ([0 .81)

"LineWidth',
etae (goodEta),

title('\eta_p vs J (Experimental) ')

B. Airfoil Coordinates

Plane 1

15.409489 -8.869983 0
14.758718 -8.21915 0
14.099058 -7.583716 0O
12.753066 -6.359041 0O
11.373293 -5.192878 0
9.962405 -4.080608 0
8.515957 -3.02993 0

2);
35,

2);
35,

etat (goodEta), 3); ft

hold on;
'filled'

etae(goodEta), 3); fe

hold on;
'filled'
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ft = polyval(pt, Jfine);

'MarkerFaceColor','b')

Jfine) ;
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, ' compact')
polyval (pt, Jfine);

'MarkerFaceColor','b"')

polyval (pe, Jfine);

'MarkerFaceColor','b"')
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