Effects of Duct Shape on a Ducted Propeller Performance
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Performance characteristics and velocity field of a ducted propeller in hover and axial
flight conditions are investigated experimentally. Five different circular duct shapes has
been tested. Effect of duct geometry is studied by means of measurements at various flow
conditions. Ve ocity field upstream and downstream of the propeller, axial force acting on
each component of the propulsive system, rotor speed and torque are measured. Pressure
distribution on duct inner surface is also investigated. Experimental results obtained for
open and ducted propeller are compared.

Nomenclature

power coefficient (Ph°D?)

thrust coefficient (Tgn’D?)

thrust coefficient of duct

thrust coefficient of propeller inside a duct
duct inner diameter at propeller plane
advance ratio (U/nD)

duct length

revolutions per second

revolutions per minute

power (2nQ)

torque

thrust

free stream velocity

axial direction

radial direction
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. Introduction

hrouded propellers are preferred for UAV applicasidn recent years owing to provide higher propelsi

efficiency and operational safety. Vertical takealffd landing capability of unmanned aircrafts epatp with
ducted propellers make them favorable for militang civil applications.

Introduction of duct reduces thrust losses origimtpfrom the tip leakage flow. Duct also, contrdfe flow
velocity and pressure at the rotor section. Ductsfwoud) shape that has been used in these appiedas a
significant effect on the efficiency of the promell Inverse airfoil profiles (converging-diverginduct inner
geometry) are used for flow acceleration, in loweeqh high static thrust applications. If the flawaiccelerated by
the duct, the duct develops an additional thrustcted fans are preferred in low speed applicatsuth as vertical
takeoff and landing aircrafts, hovercrafts, flyiplgtforms and helicopter tail rotors.

While a propeller is inserted into a duct, flowusture produces more complicated problems thanpsm o
propeller. Both for clarifying these problems aradning more information, systematic experimentsemsade on
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several ducted propeller test models. One of tl& $ignificant studies in this area was carriet lguSacks and
Burnell in 1959 [20]. Researchers investigateddffects of blade pitch, propeller and duct shapghsas; chord,
diameter ratio, duct profile, leading edge radios static operation (hovering flight) and axiagfit. Total force,
power, total moment, division of forces and momengssure distribution and velocity field were mead in the
experimental parts of the research. Experimentalies were compared with theoretical studies angag shown
that the majority of thrust in efficiently ductednf can be produced on the shroud. Similar reseaashbeen
conducted by Fletcher [2]. Five duct made of ciacuhirfoils was used in his study. These airfoitsd rsame
projected area (S=diameter x chord) on the othedhthey had diverse chords and diameters. Res¥artbsted
the effect of angle of attack on lift, drag ancchihg moment of ducted fans.

There are more detailed theoretical studies onedufan. One of them is Morgan’s [16] research. aimed
circular airfoil theory and lifting line propellgheory were applied for this study. Variables the¢ formed by
interaction between shroud and propeller such adialr velocity induced by the propeller, duct frajl vortex
system and induced drag of the duct, theoretidallgstigated. To confirm and develop the theorétieaearch,
experimental and theoretical studies were examimedomparison. Kriebel and Mendenhall [11] in 1966
investigated both theoretically and experimentggrformance of two full-scale ducted propellersffé@ence
between experimental and theoretical problem w#réated to dissimilarity of blade loading distuition and the
occurrence of flow separation from the inner dusfaeces by researchers. In order to eliminate ghitblem, it is
recommended that information of the flow distrilbatiin and around a shrouded propeller is determinedore
detail. Black, Wainasuski and Rochrbach [5] examhiperformance of shrouded propeller experiment&hgssure
distribution on shroud surface, axial velocity,des acting on the shroud and propeller were meadsapart by
changing the lip shape, chord, exit area ratiopgiter location within the shroud, blade tip clear@ and propeller
blade shape. Similar studies experimentally andretally are conducted by Kallman, Kenneth ane¢zon [8],
Mort [17], Hough and Kaskel [9].

In recent years, studies on ducted fans are géydoalused on a specific aerodynamic design or rpater.
Leading edge ratio, aspect ratio (chord/diameter)ize variables that Dyer [6] studied on smak sizucted fan for
VTOL aircraft. Graf [7] investigated similar vari@s in 2005 by using different duct lip shape. &#swbserved that
leading edge radius has more affect than thickeéssrfoil on static thrust of duct. Martin et 4lL3] designed,
analyzed and researched experimentally ducted damdver performance. In experimental part, tip gdiects
mostly are investigated. Tip gap effects direatiffjuience the figure of merit of a ducted propellarCFD analysis
part of Martin’s research 3D individual blade mditel for the standard duct and stepped duct is .ugaedables
such as; duct angle of attack, exit vane flap lenfiap deflection angle and duct chord length examined for
axial and forward flight by Abrego and Bulaga [lt].order to improve performance of ducted fan Ahnd aee [2]
used a computational method. One of the resultbeif research is that, major fan duct parameté¢nasdiffuser
angle. And it is also determined that the fan dagrformance is not affected by the inlet geometrizigh thrust
coefficients. It is required that boundary layerdabincluding viscous effects. Tip clearance eff@etperformance
of the ducted fan is investigated by Martin and J(ib4] in 2004. It is shown that decreasing tip dsgtween
propeller tip and the duct surface increases tte thrust. At low RPM, thrust produced by the discaffected by
viscous effects inside the duct. Moreover isolgbedpeller produces higher thrust than ducted ptepeit low
RPM.

Performance of the ducted propeller is researtinth experimentally and analytically by Lind aetdal [12].
Aerodynamic characteristics of ducted fan for homed forward flight are investigated by Aktirk, Sakkul and
Camoci [3] using PIV methods. It is shown that, flower the propeller is symmetric in hover flightowkever;
separation area is observed ob the leading edteeafucted fan in forward flight. Thus, flow lossesssymmetry,
and lack of symmetry also has an influence on tot@ainent and duct exit variables. Same researcheestigated
how tip clearance and flow distribution in duct caffect performance in 2010 [4]. Graf, Flamming aid [19],
Zhao and Bill [20] and Myers [18] are contribut&e evaluation of ducted fan systems by similaraedes.

In this study, trust of a ducted propeller propofed vertical takeoff and landing (VTOL) UAV isvestigated
experimentally under various flow conditions. Thro$ the open propeller, drag/thrust produced kg dinct and
thrust of the whole system (ducted fan) are meadswume by one in order to reveal amount of the thrus
augmentation obtained by duct addition. Velocitgtdbutions upstream and downstream of the propelte
measured therefore boundary conditions for comjmrtat studies are obtained. Pressure distributiomlwct inner
surface is also investigated to clarify more dethithrust augmentation. Measurements that areedaorit during
this study may be categorized in three classesstltand torque measurements, velocity measurenrsite the
channel and pressure distribution on duct innefasar Thrust measurements are conducted by foarsducers
and torque and rotor speed measurements are cedductorque sensor. Velocity distribution at tloevdstream of
the duct is measured by hot-wire anemometer. Preskstribution is measured by pressure scannes.por
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[I. Duct Geometry & Experimental Setup

Full scale model of ducts (Figure 1-a
are tested at different free streal
velocities. NACA 0012, NACA0018 and
NACA 4312 profiles are tested in the firs

part of experiments. In the second pa 2-Bladed
forebody effect is investigated. Behind th Propeller
propeller plane (propeller locates at tr Motor
narrowest cross section inside of duc Shell
same aftbody duct profile is used for the: Duct
experiments (Figure 1-b). Although duct Stator
have the same inner radius at propell
plane, leading edge radius, maximui
camber and inlet area ratio of ducts a Force
different. Model parameters are shown Sensor
Table 1.
Figure 1. Ducted Propeller.
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- >
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Motor Shell
(b)
—>

—1> Naca M21

Propeller
Location
J

Motor
N—D Naca 7312

— Duct | BN

(a) (c)
Figure 2. Schematic diagram of duct model a) Test Model, b) Aft-forebody of Duct c) Forebody Duct
Profiles.

Experiments are performed in a 80x80 cm test sedjmen-circuit subsonic wind tunnel of Trisonic Baxh
Laboratory. Wind tunnel provides free stream velesifrom 0 m/s up to 25 m/s. Experiments are cotetliat
7000 rpm rotor speeds. Models are tested at zeyle af attack forward flight conditions.
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Table 1. Geometry Parameters of Test Model

Geometric Parameter NACA 0012 NACA 0018 NACA 4312 NACA 7312 NACAM21
+4312 +4312
Thicknessratio 12% 18% 12% 12% 12%
Duct inn_er radius(at 211,7 mm 211,7 mm 211,7 mm 211,7 mm 211, 7 mm
Aspect ratio (L/D) 0,5 0.5 0,5 0,5 0,5
L eading Edge Radius(mm) 3,83 8.38 3,59 3,59 3.59
Max Camber 0% 0% -4% -71% 6%
Area Ratio (Apropeler/ Aexit) 0.81 0.76 0.76 0.76 0,76

[I1. Forceand Torque Measurements

Force sensor (Fig. 3-a) system is used *~
measure drag and thrust force
Force/Torque sensor measures the full ¢
components of force and torque using
monolithic instrumented transducer. Th
F/T transducer uses silicon strain gage
Sensing range in measurement directi
(parallel to motor axis) is 80 N anc
resolution is 0.04 N. Torque applied to th
propeller shaft and rotational speed (rpm)
measured by an in-line rotary torqu (a) (0)
transducer (Fig. 3-b). Measurement ran'Figure3. a) Force Sensor b) Torque Transducer.
of torque transducer is 0-5Nm and accura.,
is %0.5 of full scale.

Duct is oriented parallel to free-stream directiBnopeller locates at the narrowest cross-sectidheoduct. A
brushless DC electric motor drives two bladed dligiepellers (Fig.4). Motor speed is controlledanyelectronic
speed control (ESC) system (Fig. 4). Driving powkelectric motor is altered so that rotor speedaims constant
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v Controller
o 4~ Torque
. i Transducer
[ L N —

X _3__' S
e I \_> Supplyand |, Q
&

Display Unit
: 1

D SN Catbrat
»( Force »@» F/T Controller
> Sensor box

- : ' J
Figure 4. Schematic diagram of Force and Torque M easurements Experimental Set.
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under different free stream velocity conditionsP@16x8 thin electric 2-bladed propeller is usawpeller locates
at the narrowest cross-section of the duct. Far@estucer is mounted at the bottom of the motorthrdduct.
Transducers sensing elements are directly connéctad electronic board located separately becafisenimized
sensor dimensions. A controller processes thensgage information and outputs analog force dataalXorces
acting on duct and propeller are measured one byf@nthe dynamic case. Torque Transducer is ldcagtween
electric motor and propeller shaft by using coudimnd special fittings.

IV. Veocity and Pressure Distribution M easurements

Velocity measurements in the wake, front region iasitle the duct are performed by using a DANTEC 2D
constant temperature anemometer. The hot-wire lsigem digitized using a 16 bit A/D Board with 16adwg input
channels. Sampling rate was set at 16384 Hz anglsenime was about 2s for each measurement pbDimting
the experiments, probe location was controlled byr@e directional traverse mechanism. Both prodneetsing and
data acquisition processes were controlled by AR 5).

Pressure scanner is utilized to measure pressutiee inner surface of ducts. There are 13 pregsurts (Fig.
5) on inner duct surface. Six of them in front loé fpropeller and the rest of them locate at prepelbwnstream.
Sampling rate was set 512 Hz and sampling timealasit 30 seconds.
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Figure 5. Schematic Diagram of Velocity and Pressure M easurement Setup.

V. Experimental Results

A. Thrust & Power Coefficients

Thrust measurements of a ducted propeller conist@ parts. In the first part, force sensor is mi@a at the
bottom of the duct in order to examine forces actin the duct itself. There is no mechanical cotioedetween
duct and motor case. These two components areatelyasupported in the test section. In the sequard of
experiments force sensor is mounted below the moase. Hence, thrust produced by propeller is niedsu
Isolated propeller characteristics are also ingastid as reference case. Results for 7000 rpm speed are
presented in Figure 6. To speed up free-streantitglis represented by increment of advance ragioe. As can
be seen from figures duct produces an additionaisthin ducted propeller system (except Naca MZffilp).
Thrust obtained from the duct decreases with irsinggadvance ratio. Highest duct thrust coeffigearte obtained
from inverse NACA7312 profile. Duct causes negativeist (drag) for high advance ratios.

Naca M21 profile has a positive camber so this daaonhot produce additional thrust due to insufficiiow rate
and separated flow at the leading edge. Propeitedé duct; produces slightly lower thrust coeéfids than that of
an open propeller for same advance ratios. Blbvatfree-stream velocities (low advance ratio) dgebmetry
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Figure 6. Comparison of Thrust and Power Coefficients.

strongly affects propeller thrust coefficient.

Therefore, the effects of the duct geometry r=

thrust system performance are also shown
figures. Ducted propellers require less pow
than open propeller (Figure 6). It is show
that power coefficient of inverse NACA 431:
shaped duct has the lowest values.

Total thrust coefficients are represented
figure 6. Higher rotor speeds provides greai
thrust. Total thrust of ducted systems at 70
rom reach equivalent or higher value
comparing with open propeller case in lo
velocity range except NACA M21 profile.
Although power coefficient values of NACA
M21 profile are similar other ducted system
this profile produces drag instead ¢
additional thrust due to forebody geometry.
As it is observed from Figure 7, NACA 731.
profile has better efficiency according to bai
propeller. Up to 0,3 advance ratio, ducte
propeller has higher efficiencies than ope
propeller. Maximum percentage of th
augmentation in efficiency according to bal
propeller is occurred on both NACA 431
and NACA 7312 profile (Fig. 7-b). Maximum
increment in efficiency is almost %10.

Efficeincy

% Efficiency Increment

J - Advance Ratio

Figure7. Comparison of Efficiency
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B. Vdocity Field

Velocity profiles at the exit plane are measuredibiyng hot-wire probe. All duct profiles are testdlO and 20
m/s free-stream velocities and results are predent&igure 8. Radial distance is normalized vdtict diameter
(D) and velocity values with free-stream velociBontinuous line in Figure represents duct boundagesults are
compared with open propeller velocity profiles lipstream. According to force and torque resuttgasurements
at 10 m/s (J=0.21) represents the case which tbeyiklds efficiency augmentation while measurersett20 m/s
(J=0.42) characterize the flow conditions wheréifhcy loss is occurred in the ducted propellerfiguration.

At low free-stream velocities, both bare propeléerd ducted propellers accelerate flow much moree Th
presence of the duct reduces the slipstream caiatnacf bare propeller. Hence, velocity profilestlag duct exit
plane shows that flow spreads out and effectivey fflmea becomes larger at the exit. Velocity profilese to the
duct boundaries has a secondary flow region cabgetie tip gap effects. Velocity profiles at frgoiane (5mm
front of leading edge) of all ducts at differergdrstream conditions are presented in Figure 8v Bltceleration at
the front plane of ducted propeller system is gnetitan that of open propeller except Naca M21lilgroccording
to thrust and torque measurements, this profileoisefficient for this application. Highest accealéon is occurred
on NACA 7312 profile. Higher free-stream velocitguses acceleration decrease but ducted propefitansystill
makes flow speed up more than bare propeller.

Volumetric flow rate and maximum mean velocityues at different free-stream conditions are presein
Fig. 9. Higher flow rate is obtained for NACA731242 duct profile then both other duct profiles drate

Non-Dimensional Velocity Profiles @ Leading Edge, J=0,2 Non-Dimensional Velocity Profiles @ Trailing Edge, J=0,2
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Figure 8. Comparison of Non-Dimensional Ve ocity Profiles @ L eading edge and Trailing Edge

propeller. Again it is shown Fig. 9 that duct aecates flow more than bare propeller. Maximum mesgiocity
values are obtained from Naca 7312+4312. Naca Ha&yreater inlet area then Naca 4312 profilehabhigher
volume of air passes through the propeller on NE&&E2 inlet. It can be concluded that higher negatiamber
affects efficiency positively.
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