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PREDICTED AND MEASURED PERFORMANCE OF
TWO FULL-SCALE DUCTED PROPELLERS

By A. R. Kriebel and M. R. Mendenhall
Vidya Division, Itek Corporation

SUMMARY

A theoretical study was made of the ability of previously developed
theory for a ducted propeller at angle of attack to predict duct-to-
propeller thrust ratio, normal force, and pitching moment. The theoretical
predictions were extended to include duct pressure diétribution, boundary-~
layer characteristics, and duct stall boundary. The methods were evaluated
by use of wind-tunnel data for two large-scale ducted propeller modelé.
Data available consisted of overall thrust, normal force and pitching
moment, duct surface pressure distribution, total pressure surveys at
three axial stations in the duct, and a duct stall boundary deduced from

tufts, sound, and pitching moment data.

The experimental data indicated that the flow over a ducted propeller
at angle of attack is very complex, with much free vorticity generated by
nonuniform blade loading and flow separation from the duct and centerbody.
On the basis of the extended theory and data, an analytical model was
developed which represents the propeller as a uniformly loaded actuator
disk and the duct as a thin cylinder for purposes of computing forces and
moments and as a thick, cambered ring airfoil for computing duct pressures
and boundary layers. Based on this model,.duct thrust and pitching moments
were computed which agreed well with measured results. Reasonable agreement
on duct normal force was obtained for one model. A considerable over-
prediction of measured normal force was obtained with the second model,
which is felt to be due to the highly nonuniform blade loading. Predicted
duct pressure distributions for both axial flow and angle of attack were
generally reasonably accurate, with the greatest differences occurring on
the windward inner surface. Predicted boundary-layer separation on the
windward inner duct surface correlated reasonably well with experimental

indications of duct 1lip stall at angle of attack.



INTRODUCTION

A theoretical aerodynamic analysis of a ducted propeller at angle of
attack is presented in References 1 and 2. This potential flow analysis
can be used to predict the force and moment on the duct in terms of the
propeller thrust. The usefulness of any theory is dependent on evaluation
by comparison with valid data. Much of the previous data (summarized in
Ref. 1) are restricted to hovering or axial flight and/or low Reynolds
number with flow separation from the duct. Full-scale test data for two
ducted-propeller configurations at angle of attack, presented herein, allow
a correlation study and a good evaluation of the potential flow theory.
The duct force and moment are predicted by use of Reference 2 and compared
with experiment. The analysis is extended to predict the duct pressure
distribution which is also compared with experiment. Duct boundary-layer
separation is predicted and compared with a duct stall boundary deduced

from experimental performance.

The analysis is based on a combination of two previous potential flow
theories for a ring-wing at a small angle of attack, Reference 3, and for
a lightly loaded ducted propeller in axial flow, Reference 4. 1In Reference 2,
the duct thrust, normal force, and pitching moment were predicted by
representing the propeller as a uniformly loaded actuator disk. Estimates
of the normal force and pitching moment on propeller blades operating in
a duct were small compared with those on the duct. Small amounts of duct
taper, camber, and thickness were estimated to have little effect on the
duct force and moment; hence, the duct is represented herein as a thin

cylinder to predict its force and moment.

For comparison with test data, the theory is used to predict the thrust,
normal force, and pitching moment on the cylinder in terms of the measured
total thrust (on both the disk and cylinder). The predicted duct thrust
is then compared with the value deduced from the measured duct pressure
distribution. The predicted duct normal force and pitching moment are

compared with the values measured for the ducted propeller unit.
EXPERIMENTAL PROGRAM

Two full-scale ducted propellers were tested at angle of attack in the
NASA Ames Research Center 40- by 80-foot wind tunnel. The first of these




was an exact duplicate of those used on the Doak VZ-4DA airplane. This unit,
which is referred to herein as the 4-foot model, consists of a duct with a
chord-to-diameter ratio of 0.608 and a profile thickness-to-chord ratio of
0.158; an eight-bladed propeller with fixed blade pitch of 15° at the tip;

a set of seven inlet guide vanes of variable pitch; and a set of nine
stators aft of the propeller. A photograph and a sketch of the cross
section of this ducted propeller are shown in Figures 1(a) and 2(a).
Complete details of the 4-foot model and the test methods are described in
Reference 5. The second unit tested was a model of the ducted propellers
used on the Bell X22-A VTOL airplane. It was mounted on the tip of a

stub wing. This unit, referred to as the 7-foot model, consists of a

duct with a chord-to-diameter ratio of 0.525 and a profile thickness-to-
chord ratio of 0.172; a three-bladed variable pitch propeller; and six
streamlined support struts aft of the propeller. For some of the tests,

an elevon extended across the duct exit plane with a thickness of 0.44 foot
and a chord of approximately 5 feet. A photograph and a sketch of the cross
section of this model are shown in Figures 1(b) and 2(b). The test setup

and techniques were similar to those used with the 4-foot model.

For the 4-foot model, the data included direct measurement of 1lift,
drag, and pitching moment reported in Reference 5 and duct surface pressure
at 27 orifice stations around the duct profile at each of 10 azimuth loca-
tions, Figure 3(a). Total pressure was measured along the duct radii
directly ahead of the inlet vanes, directly behind the propeller, and across
the duct exit plane with pressure rakes at 10 azimuth locations, Figure 3 (b).
The duct surface pressures and rake total pressures were integrated to

obtain duct forces and moments and propeller thrust.

Data for the 7-foot model included direct measurements of forces and
moments and duct surface-pressure measurements at 19 orifice stations
around the duct profile for 3 azimuth locations, Figure 3(c). Since the
duct pressure data were taken at only 3 azimuth locations, pressure

integrations were made to obtain duct thrust only at zero angle of attack.

In addition to the data described above, stalling of the 4-foot model
duct was deduced from observation of tufts, sound level, and pitching

moment as described in Reference 5.



METHOD OF PREDICTION

Potential Flow Model

For a ducted propeller at angle of attack, the analysis of Reference 2
predicts the thrust, normal force, and pitching moment on the duct in terms
of the propeller thrust. The analysis represents the propeller and stator
blading and the centerbody as a uniformly loaded actuator disk. There is
no swirl in the slipstream, and the circulation about each propeller and
stator blade is assumed to be invariant with radius and time. The boundary
layer and frictional drag of the duct are neglected. The ducted propeller
is assumed isolated in the free stream.

Calculative examples were run to investigate the effects of duct
camber, radial variation of disk loading, and duct skin friction in order
to arrive at a simple, yet realistic analytical flow model. The work is
described in more detail in Appendices A and B. As a result of this work,
the following assumptions were employed:

(a) The actuator disk loading is applied only to the annular area
swept out by the propeller blades and not to the aft part of the centerbody
or inner duct surface.

(b) The duct thrust is taken as that due to leading-edge suction on
a thin cylinder.

(c) The effects of duct camber and thickness are neglected except in
computing the duct préssure distribution and boundary layer. (It is shown
in Ref. 2 that this is a good approximation for the duct force and moment.)

(d) The propeller and stators are represented as a uniformly loaded

actuator disk. The centerbody, support wing, and elevon are neglected.

To predict duct pressure and velocity distributions and boundary layers.
it was necessary to use a duct profile thickness distribution. The duct
profiles for the two ducts do not correspond to any standard airfoil
section. However, it was found that the NACA (0018 is a good approximation
to the actual thickness distribution of both configurations, particularly
over the forward portion of the airfoil where the pressure distribution is

of greatest interest.

-~—



Duct Force and Moment

To predict the duct force and moment, the duct is represented as a

thin cylinder through the actual duct trailing edge as shown in Sketch A.
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Sketch A.- Flow model for predicting
duct force and moment.
All the trailing vorticity is placed on the extension of the cylinder.
This approximation requires the free-stream crossflow to be small compared
with the slipstream velocity (V sin a << Vj)' The pressure jump across the
actuator disk A4Ap is equal to the increased total pressure in the slip-

stream as given by

A V.2 2
A\ _ V cos o +
= -1= -1
q 2 \Y
v
2 2
=2¥ cos a + = - sin®a (1)
v 2
v
The propeller thrust is taken as
TP(D) = APAp (2)

where AP is the annular area swept out by the propeller blades. Hence,

the propeller thrust coefficient is

"o _ P o
Cop ~ "Ag A q (3)
P (D)

The coefficients for the duct force components and pitching moment are

given by Equations (20) through (23) of Reference 2 as
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where the fn coefficients are given versus the duct chord-to-diameter
ratio <¢/D in Table I, Reference 2.

Use of blade element theory in Reference 2 indicated that the normal
force and pitching moment on the propeller are generally small compared
with those on the duct. Therefore, we take the coefficients for the ducted

propeller unit as

c =C +C (7)
Top T () b (p)
c =C (8)
Nop Ny (p)
c =C (9)
Mhp Ty (p)

The strength of the vortex cylinder surrounding the slipstream is

found by substituting Equations (1), (3), and (5) into (7) and solving for

<R

2 ¢ (—— £ - > sina
A
_ cos Q cos Q
~crx,. L \E, 57 Y
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(10)

The general procedure for prediction is to determine <Y/V from
Equation (10) using a measured value of Cop s and then to evaluate the
P
preceding expressions. This value of v/V is also used to predict the

duct surface-pressure distribution and boundary layer.




Duct Pressure Distributions

The duct pressure distribution is obtained by first predicting the
bound vorticity and velocity distribution over the thin duct camberline,
then including the effect of duct thickness to obtain the surface velocity
distribution, and finally using Bernoulli's law to get the duct surface

pressure.

The flow model used to predict the duct surface pressure is shown in
Sketch B.
Numbers 1 through 4 designate

the camberline or duct surfaces
indicated.

¢

Duct'reference r—” Front view
cylinder

Sketch B.- Flow model for predicting duct pressure distribution.

Duct-bound vorticity.- All the bound and trailing vorticity is placed

on a reference cylinder through the duct trailing edge. The distribution

of duct-bound vorticity is composed of elementary YD vortex rings which
are axially symmetric and elementary Yo rings with strength proportional
to cos ¢. The axially symmetric part of the flow field, composed of

V cos @ plus that induced by the Yp rings and the Y cylinder, is set
tangent to the duct camberline. This boundary condition is actually

imposed at the duct reference cylinder and it determines the strength of the

YD rings.



The Yq rings, together with the axial vortex filaments which trail
from them, are required to cancel the velocity across the duct reference

cylinder due to the free-stream crossflow V sin O.

The slope of the duct camberline is expressed as a four-term cosine

series
drs s
= —= = g \
€ I E:Rncos n (11
s
)
where
cos 6 = - E§§
c

Integration gives the duct camberline shape as

rs - R _ 1 + cos & 1 - cos®6
S - _p =758 2 )+ R (/732
c o 2 1 4

1.1 4 3
+ R2 (6 + 5 cos e 3 cos 9)

3

The Rn coefficients are determined such that Equation (12) fits the
geometric camberline at x/c = 0, 1/4, 1/2, 3/4, and 1. BAn effective
camber due to thickness et is subtracted from Equation (11), as described
in Reference 6. This effect is due to the radial velocity induced by the

+

sl
Hlw

cos®g - % cos4é> (12)

source rings used to generate duct thickness.® We take €y for a NACA 0018

thickness distribution using Edquation (44), Reference 6. Thus, the slope

of the effective camberline is specified as

3

j— — = *

€ = € € ZRn cos nb@ (13)
o

lEvaluation of the axial velocity induced by the source rings from
Reference 6 indicates that it is nearly the same as for a straight,
two-dimensional wing with the same thickness as the duct. This approxi-
mation will be emploved in the present analysis.




To set the flow tangent to the camberline, we specify that

¥p

The u

along the duct reference cylinder by the Yy

duct trailing edge and the YD

These terms are expressed as a

c <v
e

and v terms are the axial and radial velocity components induced

cos a + u,, + uyD;> (14)

cylinder extending from the
rings bound to the duct reference cylinder.

six-term cosine series as follows. The

components induced by the vortex cylinder can be found from Reference 7 in

terms of elliptic integrals.

Fourier analysis by machine then gives

S

u,
X _ E: *
5 Bn cos ng (15)
© |
s |
v,
X - E:
7 B cos ng (16)
o
If the duct-bound vorticity is put in terms of a Glauert series as®
5
D¢ ocot &4 Zc in ne (17)
Y o > pSin n
1

then the corresponding induced

Reference 2

Yy

a0 " _ (, 16D _

c v n =g
Cs-cl

M
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+
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axial velocity component is, from Equation (18),

C
1

l)(CO + 2>+(Co +
C

- C
4 2

6

Cz
5~ ) cos 6

cos 26 +

cos 4¢ (18)

ZBetween the actuator disk and

shed from the disk onto the inner duct surface.
no flow across the duct trailing edge is satisfied because
in Equation (17).

e

singular at T

duct trailing edge, Yp includes the vorticity
The Kutta condition of
Yp is non-



The radial velocity component can be found from Equation (14) of Reference 4

as

-]
A%

[oe] o0

Y C C

_D_ o _ 4, _

Yy =72 Z > +Z cos ko - +Z 2p (19)
f=0

=1 =0

The Pkﬂ coefficients appearing in Equation (19) are evaluated in
Tables 2.1 through 2.4 of Reference 4.

The six unknown Cn coefficients appearing for Yp are determined
by: (1) substituting the foregoing cosine series for the terms in
Equation (14), (2) expanding the right-hand side as a cosine series, and
(3) equating each of the six harmonics of Equation (14). The resulting
six linear algebraic equations are then solved by machine for the six Cn.
The remaining part of the duct vorticity Yo is the same as determined
by Weissinger for a ring-wing at angle of attack, and is given by

Equation (8) of Reference 2 as

S

"a = - in ng (20)
V sin @ cos ¢ _ 0“9t 2 E: Cpsin n

1

Weissinger's values for the <, coefficients are given in Table 1,
Reference 2. The axial velocity induced by Y, along the duct reference

cylinder is given by Equation (19) of Reference 2 as

4Du

Yo 16D c, 1.46¢ 46c
cV sin @ cos @ <}n c “3)\S% *2)*t Tap 7?
+ [co - %4—%-@9 (Co + > ]cos 5}

2
Z 3 cos 30

cos 4y (21)
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Finally, the velocity distribution over the four duct camberline surfaces
shown in Sketch B, page 7, can be evaluated by substitution of preceding
expressions into

p T g

*— D ——
u,t =t 2 +VCOSG+UY+UYD+UYG (22)

where the plus sign refers to the inner surfaces 2 and 3 and the minus sign
the outer surfaces 1 and 4. At the sides of the duct, Ya induces a
tangential velocity component. We do not consider this component, since

it vanishes at the vertical plane of symmetry, to which we restrict the

pressure distribution predictions.

Duct surface velocity.- To obtain the duct surface velocity from the

velocity distribution over the camberline (Eg. (22)), we apply corrections
to the discontinuous (vorticity) and continuous terms in Equation (22).
These correction factors are deduced as follows from theoretical results
for two-dimensional (¢/D = 0) thick airfoils in Reference 8. For a thin

flat plate at angle of attack, the bound vorticity is

C]
v - 2a cot l (23)

At o = 1/(2w), the 1ift coefficient is unity and

:;% =L cot o (24)
This chordwise distribution is listed in Table I for comparison with values
for a NACA 0018 airfoil from Reference 8. It is evident that thickness has
little effect on the bound vorticity except near the airfoil nose where

x < 0.lc. Hence, we shall correct the singular (cot(8/2)) terms in Yp

and 7, by replacing cot(6/2) by the corresponding value for a NACA 0018
airfoil when x < 0.lc. For example, at the leading edge (1/27)cot (8/2)

is replaced by 1.342. The surface velocity distribution for a two-dimensional
NACA 0018 airfoil at @ = 0 is shown in the last column of Table I. 1In
this case, the continuous part of the camberline velocity distribution is

V and the continuous part of the surface velocity distribution is VF(x),
where F(x) is given by the last column in Table I. By analogy, we

shall obtain the continuous part of the duct surface velocity by multiplying

11



the continuous part of the camberline velocity by F(x). Thus, we obtain’
the duct surface-velocity distribution from the duct camberline distribution
(Egq. (22)) as

p ¥ g <
u, =t —5— +{Vcosa+u, +u, +u F (x) (25)
S 2 c Y b Vg

where the subscript ¢ on the first parenthesized term indicates that the

term is corrected only when x < 0.lc, as described previously.

Duct pressure distribution.~ The duct surface-pressure coefficient is

obtained from Equation (25) by Bernoulli's law as

cC.=1-—] (26)

However, on the inner duct surface downstream of the actuator disk, the
total pressure is increased by Ap and Cp is increased by Ap/q due to
the pressure jump across the disk.

Duct Boundary-Layer Model and Assumptions

Our purpose in computing the duct boundary layer is to predict those
conditions under which separation occurs on the windward inside surface
before the propeller. We use the axisymmetric Truckenbrodt method to obtain
the momentum thickness (¢) and shape factor (H) of the boundary layer and

then use an empirical rule (H = 1.8) to predict turbulent separation.

The Truckenbrodt method (Ref. 9 or 10) was compared to known results
in both laminar and turbulent flow and found to give excellent agreement.
We computed the laminar boundary-layer parameters for Howarth flow on a
flat plate and found agreement to within 5 percent of the exact Howarth
solution. Also, turbulent boundary-layer parameters were computed for a
NACA 65 (216)-222 profile at 10.1° angle of attack using the measured velocity
distribution, as obtained from Reference 11. The computed momentum thickness,
shape factor, and separation point all agree well with measured results

presented therein.

12




We make use of the following assumptions in calculating the duct
boundary layers:

(1) The boundary-layer momentum thickness is small in comparison with,
the duct radius so that the presence of the boundary layer does not appre-
ciably alter the potential flow around the duct.

(2) The predicted surface velocity (Eq. (25)) is taken as the
boundary-layer-edge velocity distribution.

(3) The velocity profiles in the boundary layer are approximated by

a one-parameter family of curves.

As a transition criterion, it is assumed that the boundary layer
changes from laminar to turbulent at a Reynolds number of about 400 based
on momentum thickness and local surface velocity.3 In cases with high
adverse pressure gradients near the leading edge, the laminar boundary
layer separated (H = 4.04) before Reg = 400. 1In these cases, it was
assumed that the separated region acts as a turbulence trip, and the
point of transition was located at the first indication of laminar separa-
tion. 1In Reference 12, it is reported that small laminar separation
bubbles on ring wings, which did not show up in the pressure distribution,

did serve as turbulence trips.

The shape factor (H) is used to estimate the location of boundary-
layer separation from the duct. The usual criteria for boundary-layer
separation is that turbulent separation occurs when H has attained a

value between 1.8 and 2.4, and laminar separation occurs when H = 4.04.

The Truckenbrodt solution to the boundary layer is based on integration

of the energy equation. The energy equation is written in the form

% 1 d ussrsé**> e (27)

s, ax
s ”s
where ©O** is the energy thickness of the boundary layer, d is the
dissipation term, and t is the energy of turbulent motion term. The

right side of Equation (27) is the shear stress work in the boundary layer.

®The transition criterion is based on a measured critical Reynolds number
on a flat plate, Vx/v = 3x10° (Ref. 10). This corresponds to VO/v = 365
in a laminar boundary layer on a flat plate. Since the location of
turbulent separation is insensitive to small variations in transition
location, transition was assumed to occur when 350 < use/v < 425,

15



Truckenbrodt's final expression for momentum thickness as a function of

boundary-layer-edge conditions is

/1+
’ Cf 1tn z/s u atzan r 1+n e
es(z) - — 1 - c.* +< 2t> /({—) (f) d(f) (28)
zl/s

where

+
1/2 iThn

(@]
*
It

c Zl/s s 2
s R
o

£ laminar flat-plate drag coefficient
£ from the Blasius relation, based on
g and s

Q
1

Ceg = turbulent flat-plate drag coefficient
t from the Schultz-Grunow relation,
based on q and s

n =1 for laminar flow
n = 1/6 for turbulent flow

The actual calculation of momentum thickness is carried out in a
surface coordinate system where 2z 1is measured from the leading edge
along the surface of the duct and s is the surface length of the duct.
The point of transition of the boundary layer from laminar to turbulent is
denoted by z - After the boundary layer is computed in the surface
coordinate system, the results are transferred into a coordinate system

based on axial distance x and chord length c.

Boundary-layer parameters were computed on the inside surface of both
ducts using measured and predicted velocity distributions. Computation of
these parameters using the measured velocity distribution was started at
the leading edge. When the predicted velocity distribution was used to
compute the boundary-layer parameters, the computation was started either
at the leading edge or at the stagnation point on the outside surface.

e




RESULTS

The predicted force and moment coefficients are given by Equations (3)
through (10) in terms of the parameters AP/A’ c/D, and fn' Values for
these parameters are listed in Table II for both ducts. The fn are found
by interpolation from Table 1, Reference 2. The total measured force and
moment coefficients are deduced from force balance data. Individual measured
duct and propeller thrust coefficients are determined from integrations of
measured pressure distributions over the duct surface and total pressure

rake data before and just aft of the propeller.

Division of Thrust in Axial Flow

Four-foot model.- For a series of axial flow runs with the 4-foot

model duct, the measured thrust coefficients are listed in Table III.
The sum of the individual duct and propeller measured thrusts (CTD(P)
and CTP D)) is equal to the total measured thrust CTDP within 7 percent.
The values of 7Y/V and CTD(P) predicted from the measured Cr_, are
listed next. Finally, the values of <Y/V and CTD(P) predicted from the
measured Cng py 2are shown. The latter values are obtained by use of
Equations (3), (1), and (5), in succession, rather than by the usual

method (Egs. (10) and (5)).

Seven-foot model.- Measured values of CTDP and CTD(P) are shown in
Table III together with the predicted values of CTD(P). The effect of
elevon removal is shown by comparison of the first two groups of runs.

The effect of changing propeller blade pitch is indicated by the last two

groups of runs.

Duct Force and Moment at Angle of Attack

Four-~foot model.- Normal force, duct thrust force, and pitching

moment coefficients predicted versus the total thrust coefficient are

shown in Figures 4, 5, and 6, together with measured force-balance values.
The data generally lie below the predicted curves, particularly the normal-
force coefficient. The measured duct normal force (deduced from the pressure
distribution) is considerably smaller than the measured total normal force,

as shown in Table 1IV.
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Seven-foot model.—- Similar predicted and measured coefficients for the

larger duct are shown in Figures 7 and 8. The data are all for the same
propeller pitch and with the elevon either off or aligned with the duct axis.
In this case, the data tend to lie above the predicted values. The elevon !
appears to have most effect on the measured normal force at the highest

angles of attack.

Duct Pressure Distributions in Axial Flow

Following the procedure described previously, the first step in pre-
dicting the duct pressure distribution is to fit Equation (12) to the duct
camberline and solve for the four camberline coefficients Rn. The computed
values for Rn are given in Table II for both ducts. The thickness
distributions for both ducts were approximated by a NACA 0018 profile.

The resulting duct profiles are compared with actual profiles in Figure 9.

The analytical profiles fit the nose radius of curvature for both ducts. 4
However, the hook in the camberline near the leading edge of the larger !
duct is not well represented. Attempts to fit the hook with the four-term

series caused a very poor fit over most of the camberline.

The effective camber due to thickness (et in Eg. (13)) is given by
Reference 6 for a NACA 0008 profile and c¢/D = 1/2. Multiplication by 18/8
gives, for a 0018 profile and ¢/D = 1/2,

€, = 0.001 + 0.040 cos © + 0.013 cos 26 ~ 0.001 cos 36

This distribution was used for both ducts. The resulting Rn* coefficients

for the effective camberline (Eg. (13)) are given in Table II.

Fourier analysis by machine gives the series coefficients Bn and Bn*,
which appear in Equations (15) and (16) for the velocity components induced
by the vortex cylinder trailing from the duct. Machine computed values are
given in Table V for the two ducts.

The sz coefficients which appear in Equation (19) are found by
interpolation from Tables 2.3 and 2.4 of Reference 4. Values for the two

ducts are given in Tables VI and VII.

The Cn coefficients in Equation (17) for the duct-bound vorticity
Yp must be computed for each case since they depend upon Y/V. However,
for no duct camber (Rn* = 0) the Cn depend only upon c/D, and these

values are given in Table V.
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The Ch coefficients in Equation (20) for the duct-bound vorticity
Yo ©€an be found by interpolation from Table 1 of Reference 2. Values for

the two ducts are given in Table V.

Four-foot model.- Duct pressure distributions computed for the smaller

duct in axial flow are shown in Figure 10 at four thrust levels. Measured
data are shown by the vertical lines to indicate the variation with azimuth.
The discontinuous change in predicted pressure on the inner duct surface is
caused by the pressure jump across the assumed uniformly loaded actuator
disk.

Actual propeller disk loadings were obtained by measuring total
pressure distributions in a plane just downstream of the propeller and in
the duct exit plane. Results for two advance ratios, shown in Figure 11,
indicate quite nonuniform loadings. The influence of nonuniform disk

loading on duct pressure distribution is discussed in Appendix A.

Seven-foot model.- For a series of axial flow runs, the measured and

predicted duct pressure distributions are shown in Figures 12, 13, and 14.
Figures 12 and 13 show the influence of elevon removal, and Figures 13 and 14
indicate the effect of changing blade pitch. As before, the pressure jump
across the uniformly loaded actuator disk appears as a discontinuity in the

duct surface pressure.

Duct Pressure Distributions at Angle of Attack

Four-foot model.- Measured and predicted pressure distributions at

angle of attack for three advance ratios are shown in Figures 15, 16, and 17.
The pressures shown are all in the plane of symmetry4 except the measured
pressures on duct surfaces 3 and 4 in Figure 15, which are at an azimuth
station 30° off the plane of symmetry. In order to clarify the figures,

the data points are shown only for the windward inner surface (surface 2).
Since the actuator disk is assumed to be uniformly loaded, the same pressure

jump across the disk acts on both inner surfaces.

*That plane through the duct centerline which contains the freestream velocity
vector. For the tests described herein, the ducted propeller models were
rotated about a vertical axis in the tunnel to get an "angle of attack"”
flow condition; thus, the plane of symmetry in the test models is a
horizontal plane through the duct centerline (see Fig. 1).
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Radial distributions of total pressure at the duct exit in the plane
of symmetry are shown in Figure 18 for two advance ratios. These data show
that the propeller loading was not uniform and that the flow was separated
from the windward inner duct surface (surface 2) aft of the propeller for
angles of attack greater than approximately 20°.

Seven-foot model.- Pressure distributions measured and predicted for
the 7-foot model duct at angle of attack are shown in Figures 19 and 20 for
two advance ratios. The effect of angle of attack at a high advance ratio
is shown in Figures 19 and 12(b); and at a low advance ratic in Figures 20
and 12(e). All the data at angle of attack were taken 13° off the plane of
symmetry {see Fig. 3(c)).

Duct Boundary-Layer Calculations

With the foregoing duct surface geometry and both measured and predicted
surface-pressure distributions, duct boundary layers were computed using the
method previously described. Bernoulli's equation was used to relate
surface velocity and pressure distributions. The boundary layers were

computed only on the lower inner surface® of the computed duct profile back
to the propeller station.

Four-foot model.~ For the smaller duct in axial flow at various advance
ratios, the computed boundary-layer momentum thickness, shape factor, and
surface-velocity distributions are shown in Figure 21. The computation was
started at the leading edge where the momentum thickness was assumed zero
in each case. Transition was governed by the assumed Rey criterion in all
cases except J = 0.178 with the predicted velocity distribution, where
laminar separation triggered transition.® The turbulent boundary layers
computed from the predicted velocity distributions did not show separation
from the duct ahead of the propeller. However, when the measured velocity
distribution was used for the computation for the hovering flight condition
(J = 0) and a second high thrust condition (J = 0.178), the boundary layer
was predicted to separate slightly ahead of the propeller.

°The computed duct shape is the superposition of a NACA 0018 thickness
distribution on the duct camberline shape from Equation (12).

8 : . . .
Since a stepwise numerical integration scheme was used to compute boundary-

layer growth, a chordwise station where Regy = 400 exactly was rarely
found, which accounts for the variation of transition Reg shown.
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For non-zero angles of attack at J = 0.178, the predicted boundary-
layer characteristics are shown in Figure 22. Figure 22(a) shows predicted
surface velocity distribution, momentum thickness, and shape factor for
angles of attack of 20° and 40°. The boundary layers were computed from
the stagnation point on the outside surface at x/c = 0.1 for a = 20°
and x/c = 0.15 for a = 400, using the predicted velocity distributions.
Neither boundary layer was predicted to separate upstream of the propeller.
The results for a = 60° are shown in Figure 22 (b) for both measured and
predicted velocity distributions. 1In addition, for the predicted velocity
distribution, boundary-layer computations were made starting at the leading
edge and at the stagnation point (x/c = 0.45 on the outside surface).

The starting point made very little difference in the computed boundary-
layer characteristics. Separation was predicted to occur for all cases at

a = 60°. Similar results for o = 80° are shown in Figure 22(c). For

a > 600, separation was predicted to occur further forward with the predicted

than with the measured velocity distributions.

For a higher advance ratio (J = 0.34) the effect of angle of attack on
the duct boundary layer is shown in Figure 23. Using the predicted velocity
distribution for a = 0°, 200, 40°, and 60°, the boundary layers were computed
from the leading edge. Turbulent boundary-layer separation was predicted
only when a = 60°. Using the measured velocity distribution for a = 00,
the turbulent boundary layer was predicted to separate slightly ahead of

the propeller.

The results at the highest advance ratio considered (J =~ 0.54) are
shown in Figure 24. At o = Oo, the boundary layer computed from the
leading edge using both measured and predicted velocity distributions did
not separate before the propeller. At a = 20° and 400, the predicted
velocity was used to compute the boundary layer from the stagnation points
on the outer surface at x/c = 0.03 and 0.05, respectively. At a = 40°,
the boundary layer was also computed from the leading edge using the
measured velocity. The turbulent boundary layer was predicted to separate

only with the measured velocity for a = 40°.

Seven-foot model.- The momentum thickness and shape factor for the

larger duct in axial flow at several advance ratios are shown in Figure 25.
The boundary layers for all advance ratios were computed from the leading

edge using the measured velocity distribution. At advance ratios below
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0.434, the boundary layers were predicted to separate ahead of the propeller.
The boundary layer at an intermediate advance ratio (J = 0.216) was also

computed from the leading edge using the predicted velocity distribution, ;
but it 4did not separate. 1

For a number of angles of attack at a high advance ratio (J = 0.52),
the predicted boundary-layer momentum thickness, shape factor, and surface
velocity distribution are shown in Figure 26(a). Using predicted velocity
distributions, the boundary layers were computed from the leading edge at
a = 0° and 200, and from x/c = 0.05 near the outside stagnation point
at a = 40°. No separation was indicated. The measured velocity distribu-
tion was also used for computations at a = 0° and 40°. Only for the last
of these computed boundary layers was separation predicted. One can note
from the measured pressure distribution for this last case (Figure 19(b))

that a strong indication of separation is evident at x/c = 0.05.

Since turbulent separation was not obtained at 40° with the predicted
velocity distribution, this case was repeated assuming transition did not
occur. Laminar separation was then predicted to occur (at x/c = 0.02 v
and Reg = 500) when the boundary layer was started both at the stagnation
point and at the leading edge.

For a lower advance ratio (J =~ 0.21), the boundary layers computed at
a = 20° and 40° are shown in Figure 26 (b). Measured velocity distributions
were used, and separation was predicted forward of the propeller in both

cases.

Duct stall boundary.- A summary of all of the boundary-layer separation

predictions on the smaller duct is shown in Figure 27 (a). The purpose of
this presentation is to attempt to compare predicted separation results

with the only data available: an observed stall boundary from Reference 5.
Each point in Figure 27 (a) represents a test condition at the appropriate
angle of attack and advance ratio. The chordwise location of the predicted
separation point, based on either measured or predicted velocity distribution,
is noted beside each point. The upper dashed curve is the boundary corres-
ponding to separation midway between the leading edge and the propeller
station (x/c = 0.15). This boundary is estimated from the points computed
with measured velocity distributions. The other dashed curves correspond

to separation at other values of x/c¢, as estimated from the computed points.

The solid curve is the experimental stall boundary deduced from measured




pitching moment, sound levels, and observation of tufts on the inner duct
lip (Ref. 5).

A summary of predicted boundary-layer separation results for both ducts
for axial flow is shown in Figure 27 (b). The chordwise location of the
predicted separation points, based on measured velocity distributions, is

shown as a function of total ducted propeller thrust.

All of the computed separation points on both ducts are shown in
Figure 28. The points are plotted versus a Reynolds number based on a
length £ obtained as indicated in Sketch C and Figure 28. The maximum
value of u/umaX is translated to the ordinate (x = 0) and a straight line
is drawn from this point through the known separation point on the curve.

The intercept on the abscissa is the length £.

Separation point for velocity
profile b.

Typical separation point
for straight line velocity
profile

(a)

Sketch C.- Linear approximation to duct velocity distributions.

If linear velocity profiles are used with the Truckenbrodt method to
compute the location of separation, the solid line in Figure 28 is
obtained. This line shows that the separation points for a series of
straight line velocity profiles, computed by the Truckenbrodt method as
before, are all at nearly a constant velocity ratio, usep/umax = 0.65.
The points on Figure 28 which lie below the solid line are for velocity
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profiles which are convex downward, for example, curve (a) in Sketch C, or
the dashed curve in Figure 22(c). On the other hand, the points which 1lie
above the curve are for convex upward profiles such as curve (b) in Sketch C,

or the dashed curve in Figure 23.
DISCUSSION

Division of Thrust in Axial Flow

The 4-foot model duct thrust predicted both from the measured total
thrust and the measured propeller thrust (Table III) agrees with the
measured value within +10/-12 percent. This agreement seems satisfactory
in view of the fact that the theory neglects the observed nonuniformity of
propeller blade loading and the prevalence of flow separation from the duct

diffuser in addition to many other real effects.

For the 7-foot model duct in axial flow, the measured duct thrust
generally exceeds the predicted value (Table III). The flow separated
from the inner duct surface upstream of the propeller when CTDP > 2
according to the boundary-layer predictions using the measured pressure
distributions (Fig. 27(b)). The predictions did not account for the hook
in the duct camberline near the leading edge or the duct frictional drag.
However, calculations indicate that both of these effects are appreciable
only at low thrust levels (Appendices A and B). Calculations also indicate
that the thrust on the 7-foot model (but not the 4-foot model) duct is
predicted more accurately when the pressure rise across the actuator disk

is assumed to act on the aft part of the inner duct surface (Appendix A).

Duct Force and Moment at Angle of Attack

The thrust on the smaller duct at angle of attack is reasonably well
predicted (Fig. 5). The measured duct thrust was almost independent of

angle of attack.

The main difference between the measured and predicted performance of
the two ducted propellers is the normal force at angle of attack. The
measured values of normal force for the 4-foot model duct (Fig. 4) are
generally much smaller than for the 7-foot model duct (Fig. 7), particularly
at high thrust levels, even though the two duct configurations are very

similar. The predicted normal force is nearly the same for the two ducts
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and generally in good agreement with the data for the larger duct without
the elevon (Fig. 7(a)). The data and predictions both indicate that there
was considerable flow separation from the 4-foot model duct at angle of
attack. However, it is felt that the very low normal force measured for
the smaller duct at high thrust level was caused largely by the concentra-
tion of propeller thrust loading toward the hub. Except for this effect,
one might expect the normal force on the smaller unit to be greater than
predicted for the duct alone because of the large centerbody and large
number of stator and propeller blades. Theoretical estimates’ indicate that
concentration of the propeller loading toward the hub does cause the duct
normal force to decrease significantly at high thrust level but has little
effect on the duct thrust.

For the 7-foot model, the addition of the elevon (aligned) has the
effects of increasing measured normal force at high angles of attack and
decreasing it at low angles of attack (Fig. 7). The predicted normal force,
which does not consider the elevon, agrees better with the elevon-off data,
as might be expected. The most probable reason for the underprediction of
normal force on the larger unit is the existence of normal force components
on the bladijng, centerbody, and elevon (if present) which are not predicted
by the theory. Only that component acting on the duct is shown in Figure 7.
This tends to be borne out by Table IV, which indicates measured duct normal

forces lower than méasured overall normal forces for the 4-foot unit.

The meésured pitching moment results for both ducts are consistent with
the normal force results, in that higher moments are obtained with the
larger than with the smaller duct. The pitching moment appears to be well
predicted for both ducts (Figs. 6 and 8).

Duct Pressure Distributions in Axial Flow

The pressure distributions for the 4-foot model duct (Fig. 10) appear
to be reasonably well predicted. At the higher thrust levels, and particu-
larly for the hovering flight condition, the pressure on the inner duct
surface aft of the propeller is lower than predicted. This is probably due
to the fact that the propeller loading is concentrated near the hub so that
the full disk pressure jump is not applied suddenly to the duct surface.

7Kriebel, A. R.: Investigation of Dynamic Stability Derivatives of Ducted
Propellers, lst Quarterly Progress Rpt., Vidya Project No. 9270,
Contract NOw 65-0348-c, June 1965.
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The pressure distributions for the larger duct (Figs. 12 through 14) are
accurately predicted on the outer surface. However, on the more critical
inner curface, the pressure is predicted less accurately than for the
smaller duct. This is particularly true when the blade pitch and thrust
coefficient are high (Fig. 14). Although the presence of the elevon
appears to have little effect on the duct pressure distribution (Figs. 12(c)
and 13(c)), increased blade pitch at a fixed thrust lowers the measured
pressure over the inner duct surface (Figs. 12(d) and 14(a)). The effect
is complicated by the fact that separation of the boundary layer slightly
ahead of the propeller was computed for all of the measured pressure
distributions shown at the higher blade pitch. Such separation and possible

reattachment after the propeller would probably be affected by the loading
of the propeller blade tips.8

The discontinuity in duct pressure predicted for a uniform actuator
disk loading is not evident from the data for either ducted propeller.
This can be attributed to the low loading of the propeller blade tips for
the smaller unit as mentioned earlier. For the larger unit the blade tips
were apparently more highly loaded, but the computed duct boundary layer
separated near the propeller except when the blade loading was low. The
separation of the duct boundary layer may have caused the pressure discon-
tinuity on the inner duct wall to be smoothed out similar to a shock wave-
boundary layer interaction. The predicted pressure gradient on the inner

duct surface can be improved by smoothing out the theoretical discontinuity
across the actuator disk.

Duct Pressure Distributions at Angle of Attack

The predicted pressure distributions at angle of attack are in overall
qualitative agreement for both ducts (Figs. 15, 16, 17, 19, and 20).
However, the accuracy is poorest on the most critical surface 2. For

surface 2 the pressure is underpredicted more for the smaller than for the

8Recently, rake data were obtained on the 7-foot model approximately 10 inches
upstream of the duct exit for a = 0°, B = 299, g7 = 0, 0.22, 0.45, 0.62.
The measured total pressure was very uniform for each one of these runs
except within the duct boundary layer (about 2 in. thick) and toward the
centerline (r < 18 in. where A4p = 0). The low dynamic head in the
central part of the slipstream is believed to have: (1) caused the
velocity over the inner duct surface to be higher than predicted, and
(2) reduced the effectiveness of the elevon.
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larger duct. This is in agreement with the fact that the normal force on
the smaller duct was overpredicted whereas the normal force on the larger
model was not. Duct flow separation for the 4-foot model is not evident
from any of the measured pressure distributions (Figs. 15, 16, and 17).

For the smaller duct the inaccuracy of prediction is ascribed to the
influence on the overall theoretical flow model of flow separation from the
duct aft of the propeller and the nonuniformity of the propeller loading.

For the larger duct at low thrust coefficient (Fig. 19(a)), the
pressure gradient on the uppermost surface 4 is more adverse than predicted.
This is believed to be caused by the hook near the leading edge of the
actual camberline (Fig. 9) which cannot be accurately represented by the
four-term series expression for the camberline. The corresponding suction
peak is much smaller for the smaller duct. As the angle of attack is
increased to 40° in Figure 19(b), the flow separates from surface 4. The
flow is also separated from surface 2 in Figure 19(b) as shown by the

measured pressure distribution.

At higher thrust coefficient (Fig. 20), the stagnation point moves onto
surface 4 and the pressure gradient becomes favorable. The computed separa-
tion on surface 2 was near the propeller (Fig. 26(b)) and the separation
bubble did not appear in the data for a 40°. Hence, the predicted pres-

sure distributions are relatively accurate.

Duct Boundary-Layer Calculations

Comparison of measured and predicted pressure distributions.- The
boundary layers computed for both ducts using predicted pressure distribu-
tions (Figs. 21 through 26) agree reasonably well with those computed from
the measured pressures except near the propeller. The predicted pressure
gradient is typically less adverse just upstream of the propeller which
delays separation of the predicted turbulent boundary layer. The more
adverse pressure gradient near the propeller characteristic of the measured

pressure distributions causes the momentum thickness to grow more rapidly

which in turn causes a more rapid increase in shape factor. In Figures 21,
23, 24, and 25, this difference in pressure gradient causes the boundary
layer corresponding to the measured pressure to separate ahead of the
propeller while the predicted pressure boundary layer does not. However,
when the boundary layer separates farther forward, similar results are
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obtained using measured and predicted pressure distributions (Figs. 22 (b)
and 22(c)).

Starting point.- In Figures 22(b) and 22(c), the boundary layers
computed from the leading edge are compared with those computed from the
outside surface stagnation point. Up to the leading edge the pressure
gradient is highly favorable and the momentum thickness at the leading
edge is dquite small. There is only a small difference in momentum thick-
ness on the inside surface and negligible difference (< 0.0lc) between the
computed separation points. Therefore, the additional effort required to

compute the boundary layer from the stagnation point does not seem required.

Four-foot model.- A summary of all the computed separation points for
the smaller duct is shown in Figure 27 (a). The dashed curves indicate the
location of separation on the windward inner duct surface 2 as estimated
from the computed points. These curves are obviously rough estimates
because of the small number of points. The upper dashed curve, which can
be estimated more accurately than the others, gives the estimated flight
conditions (angle of attack versus advance ratio) for separation about
midway between the duct lip and propeller (x/c = 0.15). The stall boundary
deduced in Reference 5 from sound, tuft, and pitching moment data lies
somewhat above the upper dashed curve; hence, this stall boundary apparently
corresponded to separation very near the leading edge of the duct. The
lowest dashed curve indicates that separation is expected to occur before
the propeller except for low angle of attack and high advance ratio. The
dashed curve for separation at x/c = 0.24 indicates that this is the
calculated location of separation for hovering flight (any o at J = 0)
and that there are values of a for J > 0 which fix the separation point
at x/c = 0.24. A "duct stall boundary" could be defined to correspond
with a fixed location of separation before the propeller. This boundary
would then correspond with any one of the curves indicated in Figure 27 (a)

depending on the chosen location of separation.

Seven-foot model.- The measured pressure distribution on the duct at
a = 40° (Fig. 19 (b)) indicates a separated region at x/c = 0.05. The
boundary layer computed from the leading edge using the measured pressure
distribution separates at x/c = 0.032 (Fig. 26(a)). Since this pressure

distribution clearly indicates a separation region, the computed result is

encouraging in terms of the method used to predict the boundary layer. No




separation was computed using the predicted pressure distribution, but this

distribution was inaccurate because of the flow separation.

Boundary-Layer Separation in Axial Flow

The computed separation points for both ducts in axial flow are
compared in Figure 27 (b). When the total thrust coefficient is near 20, it
can be seen that the boundary layer on the larger duct separates slightly
farther forward; however, the larger duct carries a considerably larger
fraction of the thrust (Table III). The computed boundary layers on both
ducts in axial flow are separated ahead of the propeller when CTDP > 2.
Without unsteady effects due to finite propeller blades, the boundary layer
was computed beyond the propeller for both ducts in axial flow for CTDP < 2
using the measured velocity distribution. Separation occurred on the smaller
duct at =x/c = 0.65 for CTDP = 0.684 and on the larger duct at x/c = 0.65
for CTDP = 0.890. Thus, the computed boundary layers on the inner surface

of both ducts separate even for thrust coefficients smaller than unity.

Boundary-Layer Separation Summary

The computed separation results for both ducts are compared in Figure 28.
The solid line gives the velocity ratio for separation as predicted for a
constant adverse velocity gradient indicated in the sketch in Figure 28.
The points which lie above the curve are for increasingly adverse velocity
gradients such that u(x) is convex upward. The points below the curve are
for u(x) curves which are sharply peaked near the leading edge and convex
downward. It can be seen that all of the computed separation points lie
within a rather narrow band of velocity ratio, 0.6 usep/umax < 0.8. This
approach offers the potential for predicting the location of separation
for a typical duct velocity profile rather closely, providing these results

can be verified by boundary layer measurements.
CONCLUSIONS AND RECOMMENDATIONS
The ability of previously developed theory for a ducted propeller at
angle of attack to predict the duct-to-propeller thrust ratio, the normal

force, and the pitching moment was evaluated by use of wind tunnel data
for two large-scale ducted propellers. The theoretical predictions were
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extended to include the pressure distribution, boundary layer, and stall
boundary for the duct.

The experimental data presented herein show that the flow over a
ducted propeller at angle of attack is generally very complex with much
free vorticity generated by nonuniform blade loading and separation of the
flow from the duct and centerbody. Specifically, the rake data for the
4-foot model show that the blade loading was concentrated near the hub and

that the flow was generally separated from the inner duct surface.

The theoretical flow model concentrates the free vorticity into a thin
duct boundary layer and a single vortex cylinder trailing from the duct.
Nevertheless, this simple model succeeds in predicting at least qualitatively
the force and moment, the pressure distribution, and the separation of the

boundary layer over the entire operating range of propeller thrust and
free-stream angle of attack.

The following specific conclusions are drawn from the experimental data
and theoretical calculations reported herein.

(1) The duct thrust force and pitching moment, as predicted for a thin
cylinder surrounding an actuator disk, correspond reasonably well with the
measured data. In hovering flight the 4-foot model duct carries about
50 percent of the total thrust and the 7-foot model duct about 60 percent.
For the larger model, the duct thrust is predicted more accurately with
the assumption that the pressure rise across the actuator disk acts on the
inner duct surface aft of the propeller. This is not the case for the
smaller duct, apparently because the propeller loading is low near the
blade tips.

(2) The duct normal force at angle of attack is well predicted for the
7-foot model and considerably overpredicted for the 4-foot model. This
difference is also believed to be caused by the concentration of propeller
loading nearer the hub for the smaller model, since theoretical estimates
indicate that the duct normal force decreases with reduced loading of the
propeller blade tips.

(3) The duct pressure distributions predicted for axial flow corres-
pond reasonably well with the measured data. However, when the thrust

level and blade pitch are both high, the pressure on the inner surface of

the 7-foot duct is lower than predicted, and the predicted discontinuity

in pressure across the propeller is not evident in the data. These
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differences are believed to be caused by low loading of the central part of

the propeller.

(4) The predicted duct pressure distributions at angle of attack are
in qualitative agreement with the data, but they are not always dquantita-
tively accurate, particularly in the critical region for flow separation,
inside the windward duct 1lip.

15} For both ducts in axial flow, separation of the boundary layer
on the inner surface is predicted to occur before the propeller except when
the advance ratio is high and the thrust coefficient is low. Separation is
predicted slightly farther forward on the 7-foot model duct than on the
4-foot model duct for the same thrust coefficient in axial flow; however,
the duct-to-propeller thrust ratio is higher for the larger duct. The
prediction of flow separation from the inner duct lip of the 4-foot model
duct at angle of attack corresponds well with the stall boundary deduced

experimentally from tufts, sound level, and pitching moment.

The general conclusion of this study is that the difference between
the measured performance of the two ducted propellers and the theoretical
predictions is caused mainly by differences in blade loading distribution
and the prevalence of flow separation from the inner duct surface. More
data and theory are needed to define and predict the distribution of blade
loading, the duct boundary layer, and the interaction between the propeller

blade tips and a region of flow separation.

It is recommended that additional experimental work be conducted to
determine the distribution of vorticity in and around a ducted propeller in
axial flow and at angles of attack up through the stall boundary. Measure-
ments should be made of total and static pressure distribution, just before
and aft of the propeller, at the duct exit, and in the wake. Detailed
boundary-layer measurements should be made to determine where boundary-
layer separation occurs on the outer and inner duct surfaces and the
centerbody. The size of the separated regions should be defined, particu-
larly a laminar separation bubble near the duct lip (if it exists) and the
region near the blade tips. These data could be used with the methods
described herein to determine their validity and the extent to which they

should be modified and/or extended.

Vidya Division, Itek Corporation
Palo Alto, California
May 17, 1966



APPENDIX A

DISCUSSION OF ASSUMPTIONS

Three assumptions were made regarding duct thrust which are examined
here. These were to neglect the effects of (1) duct camber, (2) radial

variation of propeller disk loading, and (3) disk pressure jump acting on

the inner duct surface. The duct friction drag is also neglected based on

the results in Appendix B.

Duct Camber

The camber on the 4- and 7-foot models is relatively small. To verify

that the effect of this camber on the duct thrust is small,
the duct thrust

the value of

coefficient was computed from Equation (B-3) of Reference 13
as

c
C = - 0 =
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This equation is derived by summing the thrust force on the elementary ring
vortices of the duct-bound vorticity due to the radial velocity acting on

them. The duct vorticity includes the effect of thickness € and the
It can be

shown that Equation (A-1) is mathematically identical to the duct thrust

radial velocity is that induced by the trailing vorticity.

corresponding to the pressure distribution integrated over the duct for

constant total head. Values computed from Equation (A-1) using the

appropriate duct characteristics are listed in Table A-1 for comparison

with values from Equation (5) and Table III. The values are in close

agreement except when the duct thrust is extremely small

both the propeller thrust and the duct friction.

compared with
Hence, the effect of
camber on the thrust of both ducts seems negligible and use of the simple
Equation (5) is considered justified.
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Radial Variation of Propeller Disk Ioading

To predict the duct force, moment, and pressure distribution, it was
assumed that the vorticity bound to the propeller blades did not vary with
radius and that it was all shed from the blade tips onto the inner duct
surface and then trailed from the duct (Sketch B). Here we shall examine

the effect of alternate placement of this trailing vorticity.

First, two computed cases were repeated with the vorticity trailing
axially downstream from the propeller blade tips as shown in Figures A-1
and A-2. Comparison of the resulting predicted duct pressure distributions
in these figures shows that they do not agree as well with the data as
the former predicted distributions (from Figs. 10(a) and 10(c)). The
corresponding duct thrust coefficient predicted from the measured total
thrust coefficient is listed in Table A-II for comparison with measured
and predicted values given previously in Table III. The results indicate
that when the vorticity is not allowed to follow the duct, both the duct

thrust and the pressure distribution are underpredicted.

To investigate a radial variation of disk loading, predictions were
made by approximating the measured total pressure distribution with the
stepwise distribution shown in Figure 1l1(b) for the 4-foot model. The
predicted duct pressure distribution is shown by dashed curves ‘in
Figure A-3. Predicted thrust coefficients are listed in Table A-III for
comparison with measured values and those previocusly predicted in Table III.
The predicted results indicate that the division of thrust between the duct
and propeller and the duct pressure distribution are nearly the same as
before for the single vortex cylinder trailing from the duct. Moreover,
the discontinuity in duct surface pressure at the propeller is smoothed
out as the propeller blade tips are unloaded. The difficulty with this
approach, however, is that propeller wake surveys are generally not
available to define the radial loading variation and, at present, there is
no method of predicting the variation from propeller, duct, and onset flow

characteristics.

Duct Thrust from Pressure Jump

For a uniform actuator disk loading there is a discontinuity in the
duct pressure across the disk. The increased pressure acting on the inner

duct surface aft of the propeller causes a duct thrust which has been
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neglected. To investigate this effect, calculations were repeated assuming
a uniformly loaded actuator disk as before, but with the pressure jump

acting on the inner duct surface. The computational procedure is the same

as before except that in calculating ©Vv/V we let AP/A = 1 in Equation (10).

Recomputed pressure distributions for both ducts are shown by the dashed
curves in Figures A-4, A-5, and A-6. Predicted force coefficients are
listed in Table A-IV for comparison with measured values and those
previously predicted in Table III.

With the disk pressure jump acting on the inner duct surface, the
duct thrust from leading edge suction (CTD } is less than the duct thrust
previously predicted, but the total duct thrust is greater than previously
predicted. For the 4-foot model, the recomputed duct thrust is considerably
greater than the measured thrust and the agreement is much worse than that
of Table III. For the 7-foot duct, the recomputed duct thrust is generally
in better agreement with the measured values than is the case in Table III.
This trend is probably caused by higher blade tip loading for the larger
propeller such that more of its pressure rise acted on the duct. The
pressure distributions (Figs. A-4 through A-6) indicate that the reduced

duct leading~edge suction causes poorer agreement with the measured data
for both ducts.

Comparison of the last two columns in Table A-IV shows that the total
duct thrust from the pressure distribution over the cambered duct is nearly
equal to the sum of the leading~edge suction on the equivalent thin

cylinder plus the disk pressure jump acting on the inner duct surface.

Based on the results in this appendix, it seems possible to predict
the duct thrust and pressure distribution using a uniformly lcaded
actuator disk to represent a nonuniformly loaded propeller by use of the
following approximations:

(1) Neglect the pressure rise across the propeller blade tips, so
that the total pressure is constant around the duct profile. The total
measured duct thrust is then given by the radial velocity induced by the
disk acting on the duct-bound vorticity (Eq. {(A-1)}). Compute this duct
thrust by approximating it with the leading-edge suction on a thin cylinder

(Egq. (5)). The frictional drag force on the duct is neglected based on the
results in Appendix B.
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(2) The duct pressure distribution is computed for the uniformly
loaded disk with the discontinuity in pressure across the actuator disk.
This pressure distribution approximates that which would be computed for
a nonuniformly loaded propeller with the discontinuity smoothed out locally
as the propeller blade tips are unloaded.
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TABLE A-1

COMPARISON OF PREDICTED DUCT THRUSTS FOR

THIN CYLINDERS AND FOR THICK DUCTS

Predicted Predicted
C C
J Tb (p) Tb (p)
(Eq. (3)) (Eq. (A-1))
Four-foot 0.541 0.168 0.181
Model Duct .178 8.62 8.66
0.682 0.0022 0.0036
.525 . 095 .104
Seven-foot
.4 .2 .
Model Duct 37 30 240
.311 .99 1.02
.214 3.19 3.11




TABLE A-II

DUCT THRUST FOR ALTERNATE PLACEMENT

OF PROPELLER VORTICITY,

4-FOOT MODEL

Table III Repeated Cases
C
CTD(P) TD(P)
5 MSasured From Measured From geasured
T C T
D(P) TDP DP
(Bq. (5)) (Eq. (5)) (Eq. (A-1))
0.541 0.186 0.168 0.156 0.114
.178 7.98 8.62 6.66 6.50
TABLE A-III
THRUST COEFFICIENTS FOR NONUNIFORM
PROPELLER BLADE LOADING, 4-FOOT MODEL
. s Predicted
Coefficient Measured Table TIT Repeated Case
CT 19.4 19.4 19.7
DP
CT 8.0 8.6 8.7
D(P)
CT 10.8 10.8 11.0
P (D)
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Figure A-1.- Pressure distribution for the
4-foot model duct with a vortex cylinder
trailing from the propeller blade tips
at a =0, J = 0.541.
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Figure A-2.- Pressure distribution for the
4-foot model duct with a vortex cylinder
trailing from the propeller blade tips
at a =0, J = 0.178.
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Figure A-3.- Pressure distribution for the
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Figure A-4.- Pressure distribution for the
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APPENDIX B

DUCT FRICTIONAL DRAG ESTIMATION

Here we estimate the total drag force on the duct due to its boundary
layer for axially symmetric flow. For this purpose, we represent the duct
as a thin cylinder with unseparated turbulent boundary layers on the inner
and outer surfaces. We approximate the surface velocity distribution on
each side by a constant gradient profile with free-stream V at the

trailing edge as shown in the sketch below.

J
uo v
3
l— C  —p
v
— - g
- x = X
o)

Sketch B-1l.- Approximate velocity distribution
on one side of duct.

Thus, the surface velocity on each side is given by
u u
= _ o _ —© _ -
Y=g=5 X<v l> (B-1)

u

= = 2
Y = Yo v

where

at X =0, Y=1 at X =1

Using the Truckenbrodt solution for a turbulent boundary layer, the
momentum thickness is given by (Eq. (22.20), Ref. 10)

6/7

2] Cf u -3 X u 10/3 '
SONCR
o}

where Ce is the flat plate drag coefficient when u = V. Hence,

L




26 /8 -18/7 F 10/3
< = (Y) [ ax
£ o

Y
(Y)-18/7 [ yio/a ay
u
o
YO A\

I

1l -

_ 3 -18/7 13/3 - 13/3
"TTma-yy W (Y Yo >

3(Y )37/2l 13/3 Y, 18/7
=13 (Y - 1) <_> _> (B-3)

Now at the duct trailing edge (where Y =1 and 6 = 9c) we have

26 7/e
c - 3 y 37/21 1 -y ~13/2\  18/7
cgC B 13(Yo - 1) "o o) o

EA(YOJ.:a/a _ l) ooty

l3(Yo - 1)

Using the result for a 1/7 power profile (p. 443, Ref. 10) we have for
each side of the duct

F

= _0_ _ -1/s -
cg = qDe = 0.072(Rec) (B-5)

where
Rec = — (B-6)

and Fo is the flat plate drag when v = V.

Assuming free-stream pressure across the duct exit plane, we have the
total drag on each side of the duct given by Gc as

F = cpqmDc (B-7)
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where

CD = (B‘B)

c.  c.c U (B~9)
13 v - 1
0% s o -
~ 1 + 7 v > if v ~ 1 (B-10)

The following values from Equation (B-9) show that the duct drag

increases rapidly with adverse velocity ratio:

uo/V cD/cf
1.25 1.42
1.67 2.45
2.0 3.55
4.0 18.9
6.0 54.0
7.0 82.2
8.0 119.0

Now to estimate the duct drag for the 4-foot model at J = 0.541,
a = 0, we have the free-stream velocity

v = np,7 = 2899 (4) (0.5415) = 166 fps
The Reynolds number based on duct chord is
4 10* (166) ( )
_ 10 Ve _ . 5
Re = 18 = = 25.4X10
Re */5 = 10.1

o]
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Using Figure 10(a), we approximate the surface velocity as u = V on the

outer duct surface. On the inner surface, we use Equation (B-1l) with

u, = 2V. From Equation (B-5) the drag coefficient on the outer surface is
_ -1/s _ 0.072 _
cg = 0.072(Rec) =15.1 = 0.0038

From Equation (B-9) the drag coefficient on the inner surface is

Cp = 3.55 Ce = 3.55(0.0038) = 0.0135

The total drag coefficient based on the duct exit plane area is

o - (cf + cD)(WcD) _ 4
D T 52 D
4

(c, + cD) = 4(0.608) (0.0173) = 0.042

f

From Table III, the measured thrust coefficients for the duct and the

entire configuration are

= 0.186

(@]
I

Tp (p)

c
Tpp

0.890

Hence, the estimated duct drag is small compared with the measured duct

thrust.

Similarly, for J = 0.178 and & = 0, we have

V =D, = 3§99 (4) (0.1784)

33.3 fps

. 10 (33 3) <' )
= 10 Ve _ = 5.09%x10°

.Y
o
|
!
1

Recl/s = 13.8

From Figure 10(c), we shall take u =V on the outer surface and

u, = 6V on the inner surface. The drag coefficient on the outer surface

is then

b7



= 0.00522

and on the inner surface

— —_— =——c
c. = 54.0 cf = 0.282 -

The total drag coefficient based on the duct exit plane area is

CD = 4(0.608)(cf + cD) = 0.70

The measured thrust coefficients are

C = 7.98
T (p)

CTDP 19.4
In this case, the estimated boundary-layer momentum thickness inside the
duct trailing edge (9c = 0.14 ¢ = 4.6 in.) is so large that the boundary-
layer equations are inaccurate. (Furthermore, the boundary layer is
probably separated aft of the propeller, see Fig. 11(b).) However, these
results indicate that the duct skin friction drag is small compared with

the total thrust at all advance ratios.

At high advance ratio, the estimated duct drag coefficient based on
exit area A is (for u = V)

c
D ) (2cf) ~ 0.02

Hence the duct drag can be large compared with the duct thrust when_the
advance ratio is high and the duct thrust coefficient is very small.
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TABLE I

EFFECT OF PROFILE THICKNESS ON
SURFACE VELOCITY DISTRIBUTION

x/c t=0,c,=1 NACA 0018, ¢, = 1 | NACA 0018, a = 0
(Eq. (24)) (p. 325, Ref. 8) (p. 325, Ref. 8)

0 % 1.342 0

. 005 2.25 1.178 0.682

.025 .994 .861 1.103

.05 .695 .662 1.228

.1 .478 .479 1.276

.2 .319 .320 1.275

.4 .195 .184 1.205

.6 .130 .113 1.116

.8 .079 . 063 1.025

.0 0 0 0




TABLE II

SHAPE PARAMETERS FOR THE TWO DUCTED PROPELLERS

ot | g
DP (in.) 48.0 84.7
Dy (in.) 16.0 17.5
max

D (in.) 54.3 93.3

¢ (in.) 33.0 49.0
tmax(in.) 5.2 8.4
(t/c)max 0.158 0.172
xP/c .293 . 286
AP/A .70 .7
c¢/D .608 .525
fl 3.30 3.10
fz 0.54 0.53
f:3 1.95 1.90
f4 0.93 0.92
f5 .29 .22
f6 1.49 1.50
f7 1.92 1.87
f5f6+f7 2.35 2.20
Ro ~-0.007 -0.040
Rl - .007 - .068
R2 - .040 -~ .058
R3 . 039 - .013
Ro* - .008 - .041
Rl* - .047 - .108
R2* - .053 - .071
Rs* . 040 - .012
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S5k

COMPARISON OF MEASURED TOTAL NORMAL FORCE CNDP
MEASURED DUCT NORMAL FORCE Cn

TABLE IV

THE 4-FOOT MODEL

D(P) FOR

(o] C

J ( o ) Npp N5 (p)

g Measured Measured
0.542 20 1.28 0.66
. 540 40 2.29 1.20
. 542 60 2.65 1.53
0.178 20 1.55 1.16
.178 40 3.39 1.83
. 176 60 5.42 2.06
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TABLE V

COMPUTED FOURIER COEFFICIENTS FOR THE TWO DUCTS

4-foot model

7-foot model

Parameter duct duct
Bo -0.2305 ~0.2487
Bl .2850 .2910
B, -.1630 -.1625
B3 .1068 . 1065
B, -.0795 -.0796
B_ .0638 . 0640
BO* .1427 . 1509
Bl* -.0821 -.0774
B2* .0170 .0147
BS* -.0042 -. 0035
B4* .0016 .0014
BS* -.0008 -.0007
Parameter 4-foot model 7-foot model
(for Rn* = 0) duct duct
C, 0.4922 0.5259
Cl . 7402 .7270
C2 ~-.3142 -.3154
C3 .2107 .2107
C, -.1589 -.1591
C5 1277 .1280
<, . 955 . 995
c, -.280 -.247
c, -.027 -.020
CysC,sCg 0 0
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(a) 4-foot model.

Figure l.- Ducted propellers mounted in the Ames
40- by 80-foot wind tunnel.




(b) 7-foot model.

Figure 1l.- Concluded.
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(a) 4-foot model.
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)( e s

(

6 stator blades
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———
(b) 7-foot model.

Figure 2.- Ducted propeller Cross sections.

59



60°

9010

120°

Azimuth locations

o]
150

™ 210°
300{3 \24o°
270° Front view
‘ x/c | X,in. Sta. Yy Sta, ¥,
i 0 0 1 2.90 28 2,90
1.25 0.412 2 3.37 27 1.37
2.5 . 825 3 3.76 26 1.08
5.0 1.650 4 4,22 25 0.94
7. 2.475 5 4.52 24 .51
10 3.30 6 4.75 23 .34
15 4.95 7 5.05 22 .14
20 6.60 8 5.18 21 .02
25 8. 25 9 5.24 20 0
31 10. 24 10 5.24 19 0
41.5 13.70 11 5.24 18 0
65 21.45 12 4.45 17 .22
80 26.40 13 3.48 16 .89
90 29.70 14 2.83 15 Ll.43
5 0
Fr EE%
oW
Stator
14 13 12 i1 10} (9 8| 7 65432YU
A
¢,
X - — I !
15 le 17 18 19 0 21 2 c 4|26
23 25 27
¢ = 33 in. AA%
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Figure 3.- Ducted propeller configurations and locations
of measured pressures.
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Figure 3.- Continued.
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(c) Seven-foot model, configuration and duct pressure orifices.

Figure 3.- Concluded.
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Figure 10, - Pressure distributions for the 4-foot model duct
at a = 0.
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Figure 10.~ Continued.
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Figure 10.- Continued. .
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Figure 10.- Concluded.
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Figure 1l1l.- Total pressure distributions
measured across the 4-foot model duct

at a = 0.
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Figure 1l.- Concluded.




Experiment
4+ Inner surface
O Outer surface
-1.5 Theory
Y/V = 0.049, Ap/q = 0.090
®
-1 /'\
\\
-0.5 H \
0 8 N
+0.5
+1
0] 0.2 0.4 0.6 0.8
x/c
(a) J = 0.682, CT = 0.083.
DP

Figure 12.- Pressure distributions for
the 7-foot model duct at a = 0°
with B = 19°, & = 0°.
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Figure 12.- Concluded.
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Figure 13.- Pressure distributions for

the 7-foot model duct at a = 0°
with B = 19°, elevon off.
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Figure 22.- Concluded.
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