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1. INTRODUCTION

This contract was awarded to allow the concept of a Diffuser-

Augmented Wind Turbine (DAWT) in its effective modern form to be

evaluated against more conventional wind turbine concepts. There

are several aspects of modern technology that offer significantly

greater advantages to these shrouded systems than had been realized

in past evaluations., The most important of these are:

1.

The promise of modern boundary layer control to
reduce the surface area (i.e., length) requirements

of an efficient diffuser by an order of magnitude

The realization (since confirmed by experiment)
that an extremely beneficial augmentation of a
shrouded wind turbine results from the effects of
turbulent momentum exchanges between the turbine/
diffuser wake and the accelerated peripheral flow.
This momentum exchange results in a greatly reduced
exit plane pressure that has been as beneficial as

the effect of the diffuser itself.

The promise of synergistic advantages derived from
design features that are naturally compatible with
the diffuser/shroud system; e.g., an upstream stator
that inexpensively replaces the rotor pitch change.
mechanism and the electrical frequency/phase match-
ing equipment, and a three-point suspension system
that may significantly reduce tower and structural

costs.

An increasing concern for the cost and development

risk associated with very large rotors, leading to



significant advantages for a system that produces
larger rated power from a rotor that is limited in

size by aeroelastic design constraints

The overriding criterion for the evaluation of interim and
final configurations is the cost of the energy they would produce
in production quantities., This is reflected primarily in the
capital cost comparison for competing concepts, with minor in-
fluences from other cost factors such as operating wind range,
esthetics, and maintenance requirements. Cost estimates for com-
ponents of both the DAWT and conventional systems in proddction
quantities are, unfortunately, highly speculative at this time;
but we have tried to use the best cost data we can get and to use
estimating methods that are easily adjusted for changes in cost
data. Cost and practicality projections are the major factors
that determined the choices and sequence of the configurations we

have tested and analyzed, and we expect to continue that policy.

Our program was summarized in Ref, 1, It closely parallels
the work of Igra (Ref. 2). Although independently derived, most
of our decisions as to possibilities and relative prowise of dif-
ferent approaches have turned out to be very similar to his. Apart
from this general confirmation of views and useful exchanges of in-
formation, Igra's work has been of central importance to our pro-
gram in that it offered the first direct experimental evidence of
very large (favorable) exit plane pressure reductions. This
enabled us to project with some assurance the large augmentation
ratios that were the early analytical results of our work, and are
now substantiated by our own experiments. Without Igra's data at
an early stage in the concept there would have been no defensible
basis for expecting such a large beneficial effect from downstream

interactions.



In our interim report, the tentative conclusions presented

vre derived principally from cursory surQeys designed to uncover
qualitative trends quickly. The essence of these conclusions re-
mains unchanged after one year of work, except for some minor de-
tail. What bhas changed significantly is the precision of our mea-
surements, the understanding and insight into the fluid mechanics,
and the specifics of performance details that lead to clearer and
more meaningful economic analyses. The more complete experimental
investigations, more exhaustive theoretical analees,~and better
quality of economic data associated with this annual report have.

improved further the over-all virtues of the DAWT couceﬁt over

what bhad previously been reported.




2. DEVELOPMENT OF EFFICIENT, COMPACT DIFFUSERS

An increase in the energy available to a wind turbine rotor
of fixed size is possible by installing it at the entrance to a

diffuser. As the cross sectional area of the diffuser dunt in-

creases downstream of the tugbine, continuity of mass requires a
decrease in the axial velocity, producing a corresponding increase
in pressure. Therefore, the inlet to the diffuser is aft a sig-
nificantly lower pressure than that at its exit. When placed at
the exit of a turbine, the diffuser will substantially increase
the mass flow and total pressure drop across the turbine. The

power available to the turbine is proportional to this product.

The diffuser design must have the smallest possible structural
cost, while still maintaining an appreciable subatmospheric pres-
sure at the turbine exit plane and a large pressure recovery within
the diffuser. This requires diffusers that are reliably free of
extensive flow separation, that maintain effective performance
characteristics, but possess divergence half angles much greater
than the conventional 3 to #°. A solution to boundary layer
separation in very strong adverse pressure gradients becomes the

heart of the problem.

. Several design concepts were examined, of which the two most
promising were studied. One concept employs the tangential in-
jection of high energy air available from the external wind."Thé
additionai momentum supplied to the boundary layer fluid helps it
flow against the severe adverse pressure gradient and overcome
the frictional losses that are present in the wall region. This,
if properly done, has the effect of preventing flow separation
from the wall (the primary cause of failure of large angle dif-

fusers). The other concept employs a diffuser/ejector made from



one or more short ring airfoils. Each ring airfoil produces a
al aerodynamic pressure distribution along the internal ring
surface and induces more flow through the turbine. Further aug-
mentation may be obtained by the use of series of rings or by the
addition of flaps. These designs combine the advantages of good
structural efficiency, low surface area, boundary layer control,

and high turning capacity.

In the following subsections, we include several mathematical
analyses that were developed to guide the experiments. The first
of these explains the interaction of the various components of a
DAWT showing the effect on over-all performance of the performance
parameters of each component. The experimental apparatus is then
briefly described. Next, the method of simulating a turbine by
use of calibrated screens is discussed. Another analysis then at-
tempts to indicate the amount of boundary layer blowing that is
required to overcome wall friction and thereby maintain the boundary
layer at the same axial momentum level as inviscid flow in a-dif-
fuser. Next, t!.e experimental program on boundary layer controiled
diffusers is described, and the most useful results summarized. A
description of the design and testing of our ring wing configura-
tions follows. This section concludes with a brief discussion of
the origin and significance of the observed exit plane pressure

reductions,

ANALYSIS OF THE DIFFUSER-AUGMENTED WIND TURBINE

The following brief presentation outlines a simple one.dimen-
sional optimization of the DAWT. Priorities in our expérimental
work were established by consideration of the effects of the cri-
tical performance parameters that are given below, coupled with
the cost associated with achieving better component performance in

>duction installations.




Referring to Fig. 1 for notation, the ideal power available

is given by the product of the total pressure extracted by the tu.-

bine and the volumetric flow rate
i = 8Hy3(Vh4,) (1)

Normalizing by the total available free wind power (kinetic energy

times flow rate) in a streamtube of area A2 gives an ideal power

coefficient

o = BHy3 (V8 /(3 pT) (V) @

From Bernoulli's theorem, the total pressure is

_ 1 gl _ L 2
P =p_ + 3 pVo = AHl4 + P +—2 pV4 (3)

The following definitions have been applied:

The total loss between the duct inlet (Station 1) and the
exit (Station 4) is

_ 1 2 _ 2 2
By, = BHyq + 3 pIRVE + (1 - np) (V3 - V)]
K. = inlet loss coefficient = - (p, - p,)/% pV2 4)
i 2 1 o]
= diff ffici = /% 2 2
np = diffuser efficiency = (p4 - p3) s p(V3 - V4)

and from flow continuity
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Figure 1 Schematic of Diffuser-Augmented Wind Turbine (DAWT) Showing Reference Stations



Introducing three nondimensional parameters
€ = V2/Vo s N = A3/A4
and

Cp4 = (p, = P/% oV

into Eqs. (3) and (4) and nofmalizing by % pvi gives

AH 2 9

23 N 2
=(1-K, -C_}=-(1 -n0€e" -n.e A (5)
pV2 ( i p4/ D D

[\

(o}

Substituting Eq. (5) into Eq. (2) gives the power coefficient

Cp_ =€ - 23_ (1-x -c, e - (1 -0 0 - x2)>e2 (6)
i 5 pV 4

Equation (5) defines the pressure difference that prevails
across the turbine station for a particular velornity ratio e. If
a stator precedes the turbine, AH23 will be apportioned between
~stator and rotor, in which case only the pressure drop across the
rotor can contribute to the shaft power. The main sienificance of
Eq. (f) is that the power available to a perfect ducted turhine
can be made to increase significantly by a small rotor/exit area
ratio, a high diffuser efficiency (qD), an optimum disk yelocity
ratio (e), and a strongly negative base pressure coefficient
(Cp,). The velocity ratio will be determined by the disk loading
(AH23/§ pvg) of the turbine that is installed in the duct, which

is where the detailed design of the turbine begins.

There is a particular value of €, and disk loading

2
. Ji
MHyqa/5 pV

conventional optimization

that results in maximum Cp_,, that is obtained by
i

(6]
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The maximum power available to a stator-turbine confipuration
is that given by substituting € ot into Eq. (6) and multiplying
by the fraction of AHZB that prevails across the rotor.

Equations (6) through (8) indicate the key issues in a DAWT.
First, there is an "infinite area ratio limit" as A — 0, for
which € and Cwi are asymptotic. Secondly, we can see that in-
let losses detract but exit plane suction augments the power ~o-
efficient directly insofar as they are signifi~ant compared to
unity. Note that Cp4 is a negative value representing an exit
plane suction. Thirdly, the diffuser efficiency is less important
to over-all performance as area ratio decreases (A — 1). Most im-
portant of all, increased power coefficients will result from in-
creasing the turbine velocity ratio e, although losses in the

diffuser will become more significant at higher values of €. For

typical values of the DAWT, we may use Ki = 0, o -0.5, Np =

0.85, and M = 0.33. This set produces eopt = 1.23, (AHZBIqO)o tz:l,

and Cp ) = 1.43. Contrasting these values with those obtained
*opt

from the conventional wind turbine where eopt = 0.67, (AHzB/qO) = 8/9,

and (C?i) = 0.593, gives a computed optimum diffuser augmentation

opt
ratio r = (Cp,) /(Cwr.) = 2.41. As an additional benefit, the

1 pawT 1 CwECS
velocity entering the disk of the DAWT would be 2.13 times that for

the conventional wind turbine, which has great significance for large
dctical designs in that the turbine can operate at lower wind

ocities.



EXPERIMENTAL TECHNIQUES

Apparatus

The experiments were conducted in a low speed, low turbulence
level, free jet tunmel facility (see Fig. 2). The core region of
a free jet flow was used as the test section in which uniform wind
conditions were simulated. The 29.2 cm circular jet issued from
a 91.4 x 91.4 cm settling chamber via a standard ASME long radius
nozzle. The mean flow was uniform across the exit and did not ap-
pear to possess the characteristic acceleration usually found at
the periphery of iets. The maximum velocity of the facility was
17.7 meters/sec (58 fps), however, velocities of about 13.0 meters/
sec (43 fps) were used for the tests reported here. The use of
blockage models in this facility indicated that the relatively free
stream disturbance was much less than the equivalent disturbance for
a closed wind tunnel with the same relationship of model to test

section area size.

The models were supported in the core region of the jet by
1.6 mm (1/16 in.) diameter brass rods. These rods were supported
by three 9.5 mm (3/8 in.) diameter threaded rods that were canti-
levered from a collar at the nozzle exit. The air flow accelerating

due to an exit plane blockage and nozzle contraction would contribute

Figure 2 Jet Tunnel With DAWT Model Installed
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an apparent improvement in the induced velocity into the model.
refore, models were maintained in the core region but well down-

stream of the jet exit plane.

The boundary layer controlled diffusers were originally con-
structed from 0.009 in. stainless steel shim stock, rolled into
appropriate shapes, and soft soldered. Later models, requiring
greater precision in construction, were spun from 0.030 in., soft
aluminum over suitable mandrils. The required sections were then
lathe cut from master blanks. Slot spacings were maintained by
shimming the diffuser sections with the appropriately sized bell
wire spacers, For the ring wing models, a template of the aero-
dynamic cross section was hand cut. The finished models were
machined on a tracer lathe. Uniform screens of various solidities
were mounted inside or on the front of a supporting ring that were
used in the models to simulate turbines. These rings were usually
supported inside the model by 0.025 in. stainless steel pins.
Connections between the various components were made by solder or

epoxy cement,

Figure 3 shows two photographs of BLC diffusers. The first
photo shows three diffusers: 20, 30, and 40°, with the same exit
to turbine disk ratio (2.78) and inlet slot size. The 20° dif-
fuser is of earlier construction employing rolled stainless steel
sheet and the other two are spun aluminum. The decrease in mate-
rial from 20 to 40° 1is obvious. The second photograph is a
three-quarters view of the 30° diffuser showing the mounting de-
tails of the screen ring, inlet, and auxiliary slots. The screen

is 14 mesh/in. with a screen pressure drop of about 0.37 qy-

The first photograph in Fig. 4 is a William's contour ring
wing diffuser with an airfoil shaped contour flap. The turbine
simulator screen is not installed. The second photograph is of a

A 4412 airfoil wing ring with 20 percent chord split plate

11



a) (left to right) 20°, 30°, and 40° half angle models each with an area ratio of 2.78

b) baseline configuration; 30° diffuser with an area ratio of 2.78 (screen installed C = 0.37)

Figure 3 Boundary Layer Controlled (BLC) Diffuser Models

12



a) Williams “A" with airfoil flap

b) NACA 4412 with split flap (screen installed Cy = 0.64)

Figure 4 Two Ring Wing Diffuser Configurations

13



flaps. These flaps were constructed of lead tape. The screen is
mounted downstream of the minimum diameter section at a position
which exhibited the best performance characteristics. The deforma-
tion of the screen at the centerline is to allow the instrumentation

probe Lo pass through the screen.

The instrumentation employed a transconductance differential
pressure transducer that was found to be an expedient experimental

technique for both data acquisition and reduction. An assortment

of various probe sizes and geometries for measuring total, dynamic,
and static pressure were tried. The most successful arrangement
utilized a single static pressure probe mounted with its pressure
ports in the same plane as a single total pressure probe. These
were constructed from 1.27 mm (0.05 in.) OD, 0.2 mm (0.008 in.)
wall stainless steel tubing that would readily pass through the

6.3 mesh/cm screen size used in many of the experiments. Screens
with smaller mesh spacings required small deformations at axial
survey positions. Complete axial static and total pressure surveys
were taken from an upstream to a downstream position passing right

through the turbine simulator.

For the axial and radial pressure measurements, the probes
were mounted on a tridirectional, motor-driven traversing mechanism.
This device gives an electrical output proportional to its position
so that the pressure versus spatial position could be directly re-

corded by an x-y pen recorder,

In general, only centerline axial and exit plane radial surveys
were made. In some cases, more complete determinations were made by
taking axial surveys at seven radial positions. The measurements

were augmented by the use of nylon threads used for flow visualization.

Turbine Simulation

Since a family of wind turbines is impractical to build for an

exploratory investigation of small scale diffuser models, we have

14



simulated the turbine energy extraction by screens that dissipate

> energy at the turbine station. We represent the turbine per-
formance by the local disk loading coefficient
Cp = (b, = P/} V5 (9)
T 2 3 2.
The power extracted per unit area is the product of the total

pressure drop and the local velocity.

For uniform wire screens, the total pressure drop for flow
normal to the screen, Ap, 1is related to dynamic pressure im-
. 2 . .
mediately upstream of the screen 3 pVé, by a coefficient, Kt’
where -

2

; (10)

K. = 8p/z pV

For rectangular mesh screens the coefficient is a function of Rey-
nolds number, porosity ratio, and screen geometric proiected area,
We define the porosity ratio, a = [1 - (d/zl)] - {1 - (d/zz)],
where d = wire diameter and ﬁl and 52 are the distances be-
tween wires in the two principal directions. For a square mesh
arrangement £, = £, = / so a = 1 - d/z]z, and the solidity,

b = (1 - a). For uniform screening, the Reynolds number is based
on wire diameter. For a local wind speed of about 15 meters/sec
(50 foot/sec), corresponding to our expected experimental condi-
tions, the Reynolds number (= Vd/v) 1is about 240 for 0.229 mm

(0.009 in.) diameter wire,

Several theoretical relations (described in Ref. 3) and one
engineering design method (Ref. 4) were examined to calculate the
resistance coefficient, Kt' However, since our actual screen in-
stallations can include other drag elements, such as support rings,
rods, and small globs of epoxy cement or solder, as well as the
screens, we have preferred to measure the total pressure loss in

‘u during a diffuser model test. As might be expected, the total
simulator assembly usually exhibited a slightly higher Kt than

any predictive or measured value for the screen alone.
15



Data Reduction

The ideal power coefficient is given in Eq. (2). This ex-
pres sion may be normalized by the optimum power derived from an

ideal turbine, 0.593, to define an augmentation ratio

AHV2

r=- 5 (11)
5 pVOVO(O.593)

where AH 1is the total pressure drop across the turbine (screen)

P, - P3- The magnitude of AH 1is a function of the particular
screen used and the local dynamic pressure. Expressing this re-
lationship as AH = qu2 where the value of KS is measured di-

rectly in the system, Eq. (11) becomes

K, ( 3/2
6"5'65\

dan
r = —=
q,

~”

(12)

Figure 5 shows the standard measurements used to determine the

system augmentation. The dynamic pressure 4, is given as

Aqg.
9inlet
ments of static, dynamic, and total pressure were usually made.

+q,- The screen factor is computed as -AH/qz. Measure-

Complete axial surveys at different radial locations were not
made in all.cases. As can be seen in Fig. %, there exists in all
cases an increasingly greater induced local flow rate with increase
in radius. The greatest induced flow is near the outer edge of the
simulated turbine. This corresponds to a greater augmentaﬁion at
positions where there is larger annular area and higher turbine
blade speeds; that is, where it is more beneficial. Further, the
poorest performance is at the centerline where a real turbine will
have a centerbody and therefore no power extraction. We attribute
this effect to the inlet flow field, and to the ejector effect of
the peripheral slot.
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The local screen pressure drop has a strong radial dependence

a consequence of a constant value of K and the increased q,-
The screen simulator was generally mounted on the front of, or in
the middle of, a stainless steel ring shroud. With the screen
mounted at the leading edge of the shroud, the local static pressure
drop increased substantially with radius, while the dynamic pressure
had a much smaller percentage increase. A similar test, with the
screen mounted in the middle of the shroud, showed a substantial
variation in inlet velocity but a much smaller variation in total
pressure loss, consistent with a uniform screen loss coefficient.
When no shroud was used, the screen pressure drop fell rapidly

toward the (now) poorly defined outer edge.

The anomalous behavior of the forward mounted shrouded screen,
where the pressure drop apparently increased without a corresponding
increase in local inlet velocity and the ambiguous outer edge of an
unshrouded screen lead to the use of the center-mounted screen
geometry. The geometry bad an inlet section to the screen and a
constant diameter exit section. This assured that the approximation

of constant duct area across the turbine station was well simulated.

When only the centerline pressure survey was ~onducted, the
augmentation was computed on the basis of the centerline accelera-

tion used in Eq. (12) and denoted as r For cases where the axial

¢
surveys were conducted at several radial locations, an average aug-
mentation, ;, was found., The local induced velocity profile was
curve fit with a polynomial and the average augmentation was computed
by integration over the disk area. No correction for the presence of
a centerbody was applied. 1In addition, the radial location where

the average velocity was found, the addition augmentation over the
centerline determination, and diffuser efficiency or alternatively,

an effective area ratio, were also computed.
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In almost all cases, the radius corresponding to average au
mentation was 75 percent of the outer turbine radius. 1In the
boundary layer controlled diffusers, the average augmentation ex-
ceeded the centerline determination by about 22 percent in the
20°, 37 percent 1in the 30°, and 42 percent in the 40° dif-
fusers for.a disk loading of 47 percent. These generélizing num-
_bers were a function of disk loading, indicating that the lower the
loading, the more severe the velocity profile distortion. For the
ring wings, the average differed from the centerline augmentétion
by about 18 percent, implying a much more uniform inlet velocity

profile. These results are summarized in Fig. 7 Curves are drawn
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through the experimental data to indicate trends. Unless indicated

lerwise, all curves presented in this report serve this purpose.

In general, axial profile information was supplemented by
radial surveys. These usually measured static, dynamic, and total
pressure. Qualitative measurements were made using nylon thread

singly, on a rake, or attached to the diffuser wall.

BOUNDARY LAYER CONTROLLED DIFFUSER

Theoretical Analysis

A mathematical analysis of the boundary layer controlled dif-
fuser (shown in Fig. 8) was conducted assuming a simplified one
dimensional model. This analysis is useful for estimating the
amount of injected fluid required to prevent separation and the ef-

fect of injection on pressure recovery. An important concern that

N

\

SCREEN

Figure 8 Sketch of a Typical Boundary Layer Controlled Diffuser Model

21



has to be considered theoretically is the detailed process of in-
jection of high energy fluid through discrete slots. This aspect
of the boundary layer control phenomenon must be properly under-
stood so that the process may be scaled confidently to a full size
prototype. We hope to make a significant contribution to that

problem in the second year's effort.

In this analysis, besides considering the flow to be one dimen-
sional, a uniform porosity fraction is assumed. The details of
slot mechanics and the flow through the turbine have heen modeled
by empirical loss coeffirients used in a modified Bernoulli's
equation. Then, based upon a chosen skin friction criterion, the
analysis predicts the fractional perturbation of the pressure gra-
dient in a modeled diffuser relative to an ideal frictionless flow
in a diffuser of the same divergence. The entire boundary layer
control concept is designed to inhibit flow separation raused by
friction. The frictionless diffuser is fthe ideal situation, so it
is a useful reference condition from which to evaluate the effect

of injection on pressure recovery.

The skin friction is assumed to be dominated by the injected
fluid, therefore is characterized by the injection velocity and a
skin friction coefficient typical of turbulent boundary layers in
zero pressure gradient. The amount of injected fluid is controlled
by the designer's choice of the porosity, i.e., slot area per unit
wall area. The goal of slot injection is to cancel the wall fric-
tion so the flow acts reversibly. Accordingly, the required in-
jected momentum will be some multiple of the expected shear stress,
and we expect that multiple to be near unity. The analysis will
predict the perturbation of the pressure gradient that results from

injection of different skin friction multiples.
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In a one dimensional diffuser of local radius r(x) and di-
'gence half-angle 6, 1let the local velocity be u(x) and let
mass enter continuously through the wall at a local (axial) ve-
locity of wv(x). The local porosity fraction is h(x). The equa-

tion of mass conservation in steady flow is

puvrz + pvr(2r + dr)hds = p(u + du)r(r + dr)2 (13)
where ds = dx sec 6,
Simplifying and taking the limit, we get

r du

bv sec 6 = u tan 6 + 5 = (14)

The conservation of axial momentum is satisfied by balancing
pressure forces, the shear stress, 1, on the walls, and the net

momentum flux through an infinitesimal element, giving

2P qu tan 6 - vzh} + 2pu du (15)

_dp _ 27 , 2P
+ r ] dx

dx = r
with boundary conditions u = ug, and r = r, at x = 0, the

exit of the turbine.
Equations (14) and (15) may be combined to give

_dp_2t, 20
r

% - r [hv(2 u sec 6 - v) - u2 tan 6] (15)

where r = r3 + x tan 6.

The flow through the wall slots is determined by the difference

between the external total pressure and the loral internal static

pressure

P, + % oul = p(x) + (1+K) ¥ plv(n)]? (17)

where Ks is the slot loss coefficient = Aps/% p[v(x)]z.
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Similarly, the flow through the turbine can be described by

using the turbine disk loading coefficient, K

t
p_ + % u2 =p, + (1 + K )% puz (18)
o 2 PY, 3 A 3

where Kt is based on local velocity and u, = u,

The core flow inside the diffuser will appear approximately

frictionless so

2
pUs4

combining Eq. (17) through Eq. (19) gives

= p(x) + % plu(x)1? (19)

o=

P4 +

2 2 2
(1 + K% ov™ = K (3 pul) + 4 pu
Oor rearranging

= (K u3 + u )/(1 + K ) (20)

Dividing by u2 and noting that as a first approximation, the in-

jected mass flow effect is small,T the approximate continuity con-

dition
2
(_2\ (X,
u/ T \r3
may be applied to give
gV\z i r\4*_1}// 1 21
\a/ = [Kt(rBJ (1 +K) (21)

The perturbation of the pressure gradient due to friction and

injected secondary fluid may be calculated by noting that the

pressure gradient in an ideal diffuser of the same angle is given by

TNote that this assumption puts an upper limit on v 1in Eq. (21),
which slightly exaggerates the estimate of pressure gradient
perturbation.
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(QBE _ du

dx/ - PU a;-{

tch is driven solely by the change in diffuser area, when this is

combined with continuity

du _ _ 2u tan 6
dx r
yields
dp
(ER/ = 2pu2 tan 0/r (22)

Subtracting Eqs. (22) from Eq. (16) gives
2
de/ = -z (T + h(2 puv sec 6 - pv2)> (23)

Assume that the shear stress is dominated by the injected fluid,
so that

v = C (3 pvd) (24)

A solution to Eq. (23) is possible by choosing an iniection cri-
terion. A physically reasonable selection is that the additional

momentum supplied by.the secondary fluid is equal to some multiple

of the frictional loss

phv™ = at ' (25)
In Eq. (23), Eq. (25) gives
A= - % h./(1 - OL);:avz + 2 puv sec 9) (26)
and the fractional change is -
a - 1° v
2( =
A o ( \u
£ = dpN b tan 8  sin 6 (27)

dx/
o
where from Eqs. (24) and (25)

aCf % pv2 = hpv2

(28)

h = aCf/Z
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and (v/u) 1is given by Eq. (21) as a function of x. It is de-
sirable that £ be a small number so that pressure recovery is
maximized, For parametric values of the selected coefficient «a,

the fractional pressure gradient perturbation is sbhown on Fig. 9.

Since the turbulent skin frict on coefficient can range from
0.001 to 0,01, the above indicates that a very small wall
porosity should exist to prevent separation, and that these small
porosities produce small changes from the ideal pressure gradient

that would exist in a frictionless diffuser with solid walls.
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Figure 9 Pressure Gradient Change From an ldeal Diffuser for Various
Amounts of Injected Secondary Fluid

Experimental Results

The system augmentation is primarily a result of the increased
mass flow rate through the turbine. This increase in entrance ve-
locity may be thought of as the combination of two major pressure

effects. The first of these is the action of the diffuser. The

26




efficiency of this element is dependent upon such factors as the
let configuration, number, and location of boundary layer ener-

gizing slots, size of the slots, and turbine disk loading.

The second effect is the diffuser exit plane static pressure
reduction, the so-called Cp4 effect. The system parameters that
affect this phenomenon are discussed in more detail later. The
importance of this effect may be emphasized by realizing that a
subatmospheric exit pressure requires that the exiting fluid con-
tinues to expand to the far downstream conditions. The correspond-
ing further rise in static pressﬁre is accomplished without the
need (and cost) of constructing more diffuser structure. For 30
and 40°, typical vglues for the exit pressure coefficient, Cp4 =
(p4- pl)/% pvi, are approximately -0.58 and -0.63, respectively.
Although these reductions have the effect of doubling the power out-
put relative to a Cp4 of 0, it is important to appre~iate that
the Betz one dimensional theory for an optimum ~onventional wind
turbine implies that the equivalent Cp is -1/3 in that case as
well. Therefore, a DAWT receives the net benefit in diffuser gize
reduction of only that Cp4 below the par value for the conventional

machine, something like -0.2 to -0.3.

Figure 5 shows the standard measurements used to compute the
augmentation ratio. Figure 10 shows a typiral radial survey of
several properties of the exit plane flow. First note that the
static pressure does not vary areatly anrross the exit, when compared
o its centerlinie value. Next note the structures of the dynamic
pressure traces, showing clearly the acceleration of frhe external
flow at the exit lip. The depressed pressure zones near the walls
are indications that further development of this configuration is
possible. 1If an exit plane profile produced a zero or negative

value of dynamic pressure near the wall, it would be an indication
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nf a stall condition. This stall may actually exist outside the
7sical boundary of the diffuser because the flow is still re-
covering to atmospheric conditions. The secondary peaks near the
walls represent the excess momentum supplied by the inlet slot as
an ejector flow. Compared to Fig. 6, the diffuser action smooths
the entrance profile. The slight aéymmetric nature of the exit
plane profiles is due to the wake region behind the screen ring
support. The top (left hand side) of the trace passes nearly diF
rectly behind one of the three supports and manifests itself as a

total pressure loss.

Many parameters have been identified that influence the dif-
fuser system performance. Investigations were conducted to deter-
mine the effect of several of these. Although it was impossible to
span the entire parameter space for each configuration, data were

compiled that give an indication of the important trends.

Over 100 variations of wide angle segmented diffusers that
employed the boundary layer control mechanism were constructed and
tested, The conical half-angles chosen for those tested were 26,
30, 40, and 45°. The individual geometries ranged from area
ratios (exit to turbine) of 1.63 to 4.94, and constructed of
from one to four separate segments., Different turbiné loadings were
simulated by substituting screens with pressure drop coefficients
between 0.37 and 0.93., Slot sizes between turbine and diffuser
walls were varied from no slot to 0.1 in. and auxiliary slots
from zero to 0.05 in. Only straight walled diffusers of the BLC

type have been examined to date,

The first important result obtained for the diffuser component
was ‘associated with starting. If the flow in the diffuser was not
properly started, it behaved like a jet issuing from a plane wall;

that- is, a vena contracta flow, Variation of the slot size had no.
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appreciable effect under these conditions since after flow separa-
tion from the wall, no amount of fluid injection would cause re-

attachment,

The solution was simply to move the screen up into a constant
area section upstream of the diverging section, and to provide an
initial inlet slot around the screen section which added enough
momentum to the boundary layer to allow it to negotiate the start-
ing angle of the diffuser as if it were a Coanda flow. That is,
it appears necessary to provide an attachment surface of little or
no divergence behind the screen before the diffuser begins to di-

verge rapidly or else jet flow will form.

Once it was discovered how to start the diffusers, parametric
investigations were begun. Figure 11 shows the augmentation obtained
from various angle diffuser configurations as a function of their
area ratio., These diffusers were constructed from different numbers
of sections with slots between them. It is apparent that the maxi-

mum augmentation seems to be at about an area ratio of three.

Increasing the area ratio beyond three always leads to a degra-
dation of performance because the flow separates from the diffuser.
For physical practicality, the boundary layer injection must be at
discrete positions and cannot be continuous as in our mathematical
model. In some cases, the separation point actually moves upstream
when sections with increased wall area are added to the rear of the
diffuser., Larger area ratios may be attainable, but they would re-

quire better implication of the slot boundary layer blowing.

For an area ratio of 2.78, 30 and 40° half-angle diffusers
were tested with various simulated turbine disk loadings. This was
accomplished by changing the screen solidity in the same diffuser

configuration. An increase in turbine pressure drop usually causes
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the injection slots to perform better because the pressure differen-
tial driving the injection fluid across each slot is increased,

However, the increase in blockage causes a greater resistance to the
incoming fluid and a corrésponding decrease in mass flow through the

screen,

Figure 12 shows the dynamic pressure ratio induced ahead of the
disk at various turbine loadings. In this range of loadings, the
functional relationship is nearly linear. A linear least squares

regression fit of the form az/qo = A + BC was applied to the data.

T
This allows for an empirical optimization with respect to loading

which is equivalent to the optimization obtained from one dimensional
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momentum theory. The results are shown in Table 1, where the 40°
diffuser calculations are based upon only the first four points

shown in Fig. 12.

Figure 13 shows the results of augmentation ratio calculated
from the measured average velocities in 30 and 40° diffusers,
As expected, the best performance in both cases occurs very close
to the empirically predicted optimal disk loading. The average
augmentation ratio in these cases is the same as predicted to within
experimental error. More importantly, however, the empirical pre-
diction for the optimal disk loading coefficient, CT , 1is in very

. o
good agreement with the loading predicted by the ideal one dimensional
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TABLE 1 EMPIRICAL OPTIMIZATION WITH RESPECT TO
DISK LOADING OF 30 and 40° BLC DIFFUSERS

Diffuser Half-Angle 30° 40°
A 2,422 2.259
B -1.529 -1.616
2 A
() = - £3 0.634 0.559
opt
(a,/a,) 1.453  1.356
o’
opt
r 1.87 1.49
opt
(CTO) = CT(qZ/qo)o . 0.921 0,758
opt P
Ic at  (C..) (see Fig. 17) -0.54 -0.56
P T
4 opt
CT from Eq. (8)
o 1.02 1,04
for Ki =0

momentum theory [Eq. (8)]. The slightly higher values obtained
from the momentum theory are due to the nonideal nature of the
flow. This departure is larger for the 40° than for the 30°
diffusers. The non-one dimensional nature of the flow resulting
from the friction induced separate stall region is more severe in
the 40° diffuser flow. After the relatively flat range of maxi-
mum augmentation, there is a very rapid loss of augmentation with

a very slight increase in free stream disk loading. This is pri-
marily a result of the decrease in induced flow through the turbine

at local disk loading coefficients greater than the optimum.

34



A 30° balf-angle diffuser with a screen factor (disk loading)

0.55 1is the best configuration tested, giving a weighted average
augmentation ratio of 1.89. We expect that it will be possible to
improve upon this value. However, since this is a real diffuser
geometry with demonstrable augmentation ratio values, it will be

used for the cost estimates that appear later.

There are several conclusions that may be made regarding the
number, size, and arrangement of diffuser segments and the charac-
teristics of inlet and auxiliary slots. Decreasing the initial in-
let slot by increasing the screen diameter in the same diffuser
configuration is equivalent to increasing the apparent blockage
which produces a slight decrease in the mass flow. However, the
induced velocity, and therefore available local power density, in-
creases towards the periphery. As a result, the decrease in sys-
tem augmentation due to the reduced slot size was nearly compen-
sated by the increase in turbine area, such that the total avail-
able energy to the turbine remained nearly constant. These data

are shown in Table 2.

TABLE 2 TOTAL AVAILABLE ENERGY TO THE SYSTEM
AS A FUNCTION OF SLOT CONFIGURATION

Inlet Slot Auxiliary  Augmentation Total

Area/Turbine Slots (Y) Turbine Power
Area (Arbitrary Units)
0.245 1 1,76 5.45
0.113 1 1.58 5.47
0.055 1 1.46 5.22
0 0 1.10 4.40
0.245 0 1.36 4.21
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It is possible, therefore, to reduce the inlet slot substan=-
tially before the decrease in system augmentation is no longer
compensated by the increase in turbine size. Decreasing the tur-
bine size with respect to the diffuser increases the system aug-
mentation. The inlet fluid is not only used to energize the
boundary layer so that it may negotiate the starting turn into the
diffuser, but the inlet now also behaves like an ejector, with high
energy fluid in the peripheral slot drawing more fluid through the
turbine, If increasing the diffuser size were less expensive than
increasing the turbine diameter, promoting the ejector system may

become more economically credible.

A series of tests were conducted wsing 30° half-angle dif-
fusers to determine the effectiveness of the slots. When a no-slot
configuration was compared to the same diffuser with a 24.5 percent
inlet slot, an increase of 24 percent in augmentation was found
(note that the increase in inlet slot was at the expense of turbine

area).

Figure 14 shows the augmentation possible from single segment
diffusers as a function of area ratio. The trend seems to indicate
the best performance near an area ratio of three. This is partially
a result of the Cp4 effect, still to be discussed, and also the
failure of the fluid.to remain attached to the diffuser walls for

¢

that distance without aid.

For an area ratio of 2.78, the addition of a single auxiliary
slot increased the augmentation by another 23 percent. The exact
positioning of the auxiliary slot seems to have a minor influence as
shown in Fig. 15. Moving the slot forward from 52 percent dif-
fuser length to 39 percent increased the augmentation 16 percent.

Further forward movement to 30 percent length again decreased the
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augmentation because the second section is too long for the re-
energized fluid to overcome., 1In this case, to maintain the same
length a second auxiliary slot is indicated. Alternatively, the

diffuser could be made shorter.

Shown on the same Fig. 15, are two cases designed to test the
effect of the slot length, that is, the slot loss coefficient KS
in Eq. (17). For virtually no length of slot, there was an 8 per-

cent increase in augmentation compared to a 5 percent loss in
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the exceptionally long slot. In the few cases tested, there did

: seem to be too much effect of changing the slot height.

No general statement may be made regarding the '"correct'" num-
ber of segments as a function of chosen area ratio. Diffusers with
the same angle and area ratio but constructed from a different num-
ber of segments were compared. For some particular area ratio, the
best performance was obtained with two segments, but an increase to
three resulted in degraded augmentation. At higher area ratios,
three sections seemed best with poorer performance with both two
and four sections. As indicated earlier, the optimum configuration
will probably be determined by a tradeoff between the number of sec-

tions and the exact positioning of auxiliary slots.

A smooth inlet contour was created by the use of modeling clay.
It appears that the clay fairing along the inside surface of the
inlet resulted in a slight initial diffusion of the flow prior to
its entrance into the simulated turbine. The result was that a
fraction of the available boundary layer momentum was dissipated
during this process and the over-all diffuser performance degraded.
Simply removing the clay from the inside of the inlet increased the
augmentation ratio by 23 percent. In the other direction, for
another configuration, the effect of selectively sharpening the
leading and trailing edges of a two-segmented 30° diffuser was
examined. As seen in Table 3, the best configuration is probably
one with relatively blunt edges. The sharper edges may have a ten-
dency to create local large adverse pressure gradients and there-
fore separation. 1In an auxiliary slot, this stall would effectively

block the slot.

The exit plane static pressure effect is very important to the
action of the system. As seen by the theoretical Eqs. (6) through

(8), the value of the exit plane static pressure coefficient is an
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TABLE 3 EDGE CONDITION EFFECT ON AUGMENTATION

Blunted Edges r (r__/r) -1 Edge Notation
. max
See Diagram) 9
None 1.28 0.203 | !
S &
X h 4
1 1.30 0.185 x
— X
1, 2 1.39 . 0.108 U
\
1, 2, & 1.43 0.077 T ?
1, 2, 3, 4 1.54 0
1 3 4

important parameter in the system optimization. Almost independent
of the specific performance details of the diffuser, the exit plane
subatmospheric pressure translates the entire diffuser preésure pro-
file linearly, such that the base pressure is nearly diffuser per-
formance independent. The total system augmentation is not only

due to the diffuser characteristics but also (and in some cases,
more so) to this base pressure reduction. A brief discussion ap-
pears later that summarizes our hypothesis about the physical
mechanism of the Cp4 effect. The following presents some empiri-

cal data found for Cp R
4

Initially, it was expected that Cp, would be a function of
the diffuser area ratio. For very small area ratios, as seen in
Fig. 16, this =eems to be the case. However, for a particular dif-
fuser angle and disk loading, a size is quickly reached where Cp4
remains essentially constant with increasing area ratio. When very
large area ratios are reached, the Cp4 effect actually decreases
due to the substantial separated stall region. The area ratio where
Cp4 becomes asymptotic and the particular magnitude is very depen-
dent on diffuser angle. Smaller angles asymptote at larger area

ratios and at lower subatmospheric pressures.
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Figure 16 Exit Plane Pressure Reduction for Various BLC Diffuser Half Angles as a Function of Area Ratio

When the value of Cp was compared to the turbine (screen)
disk loading coefficient for a particular area ratio, Fig. 17, a
strong dependence was found. The disk loading which gives the
lowest base pressure seems to be a function of the exact configura-
tion employed. The value of the loading does not seem to be too
different from that found to give the best performance (see Fig. 12),
thereby further emphasizing the advantage that the Cp4 effect

gives.
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Since the C advantage works nearly independently of the

Efuser, increaszg augmentations can be achieved if the area ratio
usgd is small enough that the asympteotic value of Cp has not
been reached. With respect to the external flow field, the ap-
pearance of a larger area ratio can be simulated by using a flap.
For example, in a 20° diffuser with a flat plate flap deflected
90° radially outward, centerline augmentation was increased 8 per-

cent. The length of the flap was 15 percent of the diffuser length.

Because the proposed design concept calls for the diffuser exit
lower lip to be supported from the ground, it is very important that
the proximity of the ground does not degrade the system performance.
An examination of this problem was made. A ground plane was con-
structed of 1/8 in. aluminum and supported upside down in the flow
by the jet exit plane collar. The models were suspended at various
heights by threaded rod supports which passed through the ground
plane.’ With no model, the viscous boundary layer was evident
(90 percent point) in the dynamic pressure profile to about 0.6 in.
above the plane. The static pressure effect was obvious to only

about 0.4 in. above the plane.

In model tests, the upper portion of the diffuser showed a
very slight increase in mass flow when compared to the same dif-
fuser configuration with no-ground plane. However, the lower sec-
tion, nearer to the ground, exhibited a substantial improvement.
With the tail of the diffuser on the ground, the lower section aug-
mentation increased by 10 to 14 percent. Even when the tail was
half a turbine diameter above the ground, the lower section still
showed about a 6 percent better augmentation than for the no-

ground plane case.

This increase may be due to the distortion of the exit plane

static pressure profile, the Cp effect. However, no evidence of
4
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this is apparent from exit plane static pressure surveys.. The in
portant point, which cannot be overemphasized, is that there is no
apparent degradation; actually, there is a slight increase in sys-

tem performance in the presence of a ground plane.

The other important consequence of real ground is that the
velocity profile far upstream of the system is no longer uniform.
An atmospheric boundary layer was simulated in the jet facility by
a honeycomb mesh. A length of cellular section produces a total
pressure drop due to friction. The longer the section the larger
the pressure drop and, therefore, the smaller the resulting dynamic
pressure. The honeycomb was cut with a linear profile which pro-
duced a nearly linear dynamic pressure profile. The honeycomb was
installed /7 in. upstream of the jet nozzle exit. The total pro-
file did show some characteristic jetting at the boundaries absent

from the usual exit flow profile.

The model was located 2 in. downstream of the jet exit. At
this position, the turbine disk intercepted a velocity profile at
infinity which varied by 14 percent. The augmentation calcula-
tions were based upon the integrated available power in this inter-
cepted disk.

In the presence of the shear flow, there was a very slight de-
crease of augmentation. At all the measured local positions, there
was a loss of about 1 percent of the augmentation of the same
configuration mounted in a free jet flow. This is very near the

resolution capabilities of the instrumentation.

As a final test, the combination profile of the ground plane
and shear flow was tried. The resulting flow field appeared to be
a simple superposition of the individual profiles. Again, the
upper part of the diffuser showed little effect, while the lower

section indicated about a 7.5 percent increase in augmentation
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when based upon an integrated value of q,- The local augmentation
35 about 11 percent greater than the free jet diffuser augmenta-
tion. The important result, however, is that there appears to be

no decrease in the augmentation effect of the diffuser system.

Another important aspect of a real turbine geometry is the
presence of a centerbody. A comparison was made with and without
centerbodies at a single representative point (at 60 percent of
the radius). Seven different diameter centerbodies wsre available
for the tests ranging from an area of centerbody to area of turbine
of 1.9 to 30.9 percent. Two forebody designs were used: a
sharp and a blunt leading edge, each 1/2 in. long and of the same
diameter as the afterbody. The afterbodies were circular cylinders
of various lengths from 1/2 to 4 in. and all tests were conducted

in a 30°, two-segmented diffuser with a 16 mesh/in. screen.

A portion of the test matrix is snown in Table 4 where the mea-
surement system precision is about 1 percent. When the area of the
centerbody was less than about 8 percent of the total disk area,

a very slight degradation of performance was apparent (less for
longer centerbodies and more for the sharp forebody). Flow visual-
ization techniques indicate that the fluid remained firmly attached
to the centerbody and quickly flowed in behind it. This produced
only a very small wake region which was undetectable by exit plane
pressure surveys. However, at the next available centerbody size
(area ratio of about 12 percent) and for short afterbodies, the
flow reverted to a highly transitory flow. By increasing the after-
body length, or using a sharp forebody, converts the severely oscil-
lating flow into a stable annular jet moving along the diffuser wall

with a large, conical diverging center wake.

Two other separated flow configurati ons were achieved for the

8 percent centerbody. When a blunt forebody was combined with a
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TABLE 4 PORTION OF THE CENTERBODY TEST MATRIX

Area Centerbody/  Forebody Afterbody Ar  at
Area Turbine (in.) 607 Radius
0.03 blunt 1/2 0.012
" 1 O
" 2 0.024
sharp 1/2 0.037
0.077 ~ blunt 1/2 0.012
d 1 0
" 2 0
sharp 2 0.012
0.121 blunt 1/2 0.073
" 1 0.073
sharp 1 0.202
0.077 blunt sharp 0.072
sharp blunt - 0.648

sharp afterbody, the flow separated from the afterbody, and lead.
to a 7 percent decrease in augmentation. When a sharp forebody
was combined with a blunt afterbody, the flow separated from the
forebody and did not reattach itself to the centerbody, but con-

tinued to diverge for a 65 percent decrease in local augmentation.

The presence of a centerbody requires the centerline mass flow

be diverted into a larger annular ring. For the smaller bodies,
the mass flow at the representative point remains essentially un-
changes implying no loss of augmentation. However, there will exist

a larger mass flow at a radial station corresponding to the radius
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of the centerbody than without a body. For larger bodies, there
a loss of diffuser performance manifested as a decrease in flow
rate, This interpretation must be examined more fully by complete

radial surveys.

Two final points are important. 1In the system configurations
that have been found to give the best performance, flow visualiza-
tion techniques indicate three distinct conical regions of low ve-
locity fluid (see Fig. 10)., These may be traced directly to the
pins which support the center screen ring. It is unclear, however,
whether the losses are inherent to the system and simply manifest
themselves at the weakest point or whether they are purely a cylin-
drical wake effect. If the latter, streamlining the support rods

in larger scale models should improve the situation.

The other point is that in all cases tested, there did not

. seem to be any indication of severe diffuser flow variations with
small changes in either pitch or yaw. It is expected that as the
inlets to the turbine as well as the diffuser are improved, there

would be even less of a tendency of yaw-induced distortion.

RING WING DIFFUSER

The suggestion of ring wing diffusers for WECS was made in the
early 1960's (Ref. 5). The concept is based on the fact that air-
foil contours exhibit a generally low pressure field along the upper
surface and a high pressure field along fhe lower contour. In a
ring diffuser configuration, the inner surface corresponds to the
low pressure side. The airfoil section 1lift acts towards the center-
line and creates a reaction force on the internal flow that tends to
direct it radially outward as well as axially downstream. The cir-
culation induced around the lifting airfoil section results in an

increased flow rate through the upstream end of the diffuser compared
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to a simply cylindrical duct of the same cross sectional area.
Therefore, a turbine that is positioned within the ring wing dif-
fuser has an augﬁented mass flow passing through it and can extract
more power than a bare turbine. A consequence is that very high

lift airfoil section configurations appear to hold the most promise.

The aerodynamic characteristics of two dimensional airfoil sec-
tions undergo modification in the ring-wing configuration depending
on the aspect ratio (AR) (= diameter/chord) of the ring. For AR
greater than 1.5, or the high AR range, the aerodynamic center of
the airfoil moves rearward, and the 1lift coefficient, CL’ is
greatest at angles of attack, o, between 15 and 20°, but
breaks and sharply drops downward at higher a's (Ref. 6). The
wake vortices in high AR rings move very little in a lateral direc-
tion. In keeping with our objective of short cost effective shroud

designs, we have examined principally high AR geometries.

Three basic airfoil contours have been employed for ring-wing
diffusers: a) the moderately thick NACA 4412 section (Ref. 7);
b) the high 1lift Williams airfoil "A" (Refs. 8 and 9); and c¢) the
high 1ift, Liebeck laminar rooftop design (Ref. 10). The NACA 4412
designation signifies a maximum thickness of 12 percent of the
chord length and a 4 percent of chord maximum camber at a posi-
tion 40 percent of chord downstream from the leading edge. This
4412 contour was used for single wing rings at attack angles, a,
of 6 and 12°, producing theoretical CL values of 1.2 and
1.9, respectively; for a double element assembly combining a 6°
main airfoil and 12° flap, theoretically producing a maximum

pressure coefficient C = (p - po)/qo of =~-8.5 at the inner

Pmax
surface near the leading edge (the single element 6° airfoil has

a Cp = -2.6, and the single 12° airfoil has a Cp = -7.,8);
max max
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and also for single airfoil elements with a split (trailing edge)
flap of 20 percent chord length. (These flaps should theoretically
increase basic section Cj, by 50 percent and move the center

max
of pressure downstream of that for the unflapped airfoil.)

The Williams A contour gives a theoretical CL at o = 0° of
about 2.8, Used with a 30° deflection airfoil type flap (60°
of mainchord length) it should produce a CL of 3.5 and a mini-
mum Cp of -7.8 near the inner leading edge of the two element
assembly. With a 20 percent chord split flap the main element

CL should reach about 4.0 at o = 0°,

The Liebeck contour is a specially designed shape for producing

a broad plateau of low and nearly constant pres sure over the upper

surface, The shépe we have considered yields a steady Cp of -5.2

over 25 percent of the chord length and a CL of 2.54 without

auxiliary lift devices.

Although theoretical pressure fields can be calculated around
these airfoil contours, when a screen or a turbine is introduced in
proximity to the airfoil, the resulting nonisentropic conditions
alter the conventional computational problem and the equations must
be reformulated in order to yield valid flow field predictions.
This analytical work will be undertaken as part of the second year

activity of this project.

The effect of energy extraction by a turbine or energy dissipa-
tionbby screen drag on the ring-wing diffuser flow field has been
investigated empirically during the present contract period. Vari-
ous screen solidities were used to simulate different turbine
actuator disk loadings, and were mounted at several axiai positions
relative to the diffuser throat (minimum cross section) to study

N
the interaction with the internal flow field. '
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Table 5 summarizes the geometric features of thelring-wing
diffuser models actually tested. On the basis of aspect ratio
model 2 is the shortest diffuser, but the Williams A contour de-
sign (model 3a) requires the least amount of material, based on
the normalized surface area values. The experimental augmentation.
ratio data presented in the next section provide a means for esti-
mating the relative cost effectiveness of these short geometry dif-

fusers.,

Theoretical Considerations

The calculation of pressure and velocity distribution along the
surface of a cambered airfoil by conformal transformation of a
Z-plane circle into a wing section is well known (see, for example,
Ref. 11), This method has been programmed for digital computers so
that for any set of airfoil section coordinates along a chord line
and a specified stream velocity, the local surface velocity and
pressure coefficient can be obtained. The inviscid theoretical re-
sults approximate measure surface pressure distribution along the

wing section until the stall limit is approached.

In one case, at a nonzero angle of attack, a, the upper sur-
face of the NACA 4412 airfoil has a highly negative pressure dis-
tribution from almost immediately downstream of its leading edge to
about the 95 percent chord point. Pressures above ambient static
prevail along the rear 5 percent of the upper surface and all
along the bottom surface. The upper surface in our ring-wing de-
sign faces the inner axis of the diffuser. We bhave computed the

flow fields for o ranging from zero to 18°.

At a distance from the upper surface, the flow field also has
subatmospheric pressure. For the NACA 4412 at a = 6°, this pres-

sure reduction still is more than half of the surface value at a
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radial distance of 20 percent chord., This characteristic becomes
very important in locating the first ring diffuser section relative
to the turbine exhaust. Theoretically, more mass flow will be
forced through the turbine if lower pressures can be maintained

downstream of it.

A second factor in assuring stable subatmospheric pressure at
the turbine exhaust is to eliminate-any large pressure rises above
atmospheric levels along the interior surface of the ring diffuser.
Such a condition could exist near the trail ing edge of the 4412 air-
foil for low a. To reduce this pressure we can stage a second ring
wing, with slight axial overlap, around the first or use a flap to
increase effective camber of the basic airfoil. The two element
airfoil has a resulting pressure field that depresses considerably
the low pressures along the upper (inner) region of the wing ring.

This helps to maintain a good diffusion process for high augmentation.

Other factors influencing the wing diffuser design are the ef-
fective diffuser expansion ratio and over-all length-to-initial
diameter ratio. Both of these items can be varied by selection of
the angle of attack of each of the staged rings and their aspect
ratios (average diameter/chord). For given\aspect ratios, higher
expansion ratios and shorter length diffusers can be obtained by

going to higher a, wup to the airfoil stall condition.

Experimental Results

The ring wing models were machined from aluminum on a tracer
lathe wusing templates of the airfoil section, and final-finished
by band. Multielement diffusers (e.g., models lc and 2c) were
assembled with brass pins to produce equidistance gaps between the
flaps and airfoil. The models were supported externally in the

airstream by three brass radial rods implanted into the diffuser
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body and clamped to three threaded bars running axially from the

ility nozzle flange, outside the flow channel.

Screens which simulate the turbine pressure drop were mounted
in the internal flow. A short, constant area, stainless steel ring
was suspended coaxially within the diffuser by brass pins protruding
radially from the duct wall. Alternatively, the screen was epoxied
directly to the diffuser wall by three thin interwoven wires acting

as extensions of the screen circle.

Two typical centerline surveys of static and total pressure
for ring wing diffusers are shown by Figs. 18 and 19. Figure 18
shows pressure traces for the NACA 4412, o = 6° contour ring wing
with a 20 percent chord split flap deflected 90° outward (see
item 1b of Table 5 for details). Figure 19 is for the Williams A
airfoil contour with a 20 percent chord (see item 3b of Table 5
for details). In the case of Fig. 18, the screen that simulates a
wind turbine is mounted at the theoretical minimum pressure loca-

tion along the airfoil surface. The screen and its attachment re-

sult in an effective disk loading of 0.83 SPE This is indicated

by the total pressure, PT’

a virtually constant value of .42 units (with respect to atmospheric

survey (lower part of Fig. 18) showing

pressure) prior to the screen, a sudden drop to about 2 units, and
a final pressure recovery to about 12 units at a distance equal

to about 20 mesh heights (1.5 cm = 0.6 in.) downstream of the
screen., The continued decrease of total pressure much further down-
stream indicates the mixing loss processes in the ring wing's wake.
The static pressure survey (upper part of Fig. 18) shows an inlet
static pressure of 6 units above atmospheric, or a local dynamic
pressure, gq,, of 0.85 q, just upstream of the screen simula-
tor. The static pressure drop accompanying the total pressure

loss through the screen is slowly recovered in the remainder

the ring wing diffuser section to yield an exit pressure
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coefficient, Cp4, of -0.54. Full recovery to atmospheric
pressure by mixing of the free jet with the surrounding air flow
takes place at downstream distances greater than about 10 dif-
fuser chord lengths. The centerline augmentation ratio, r, cal-
culated by the method previously described, is 1.3 for this
model and disk loading.

The total pressure and static pressure traces of Fig. 19 are
analyzed like thoselof Fig. 18. The disk loading for this flapped
Willi ams A configuration is 0.89 q, with the screen simulator
mounted at the 80 percent chord location. The local dynamic pres-
sure, q, = 0.87 d, and the diffuser exit plane pressure coeffi-
cient, Cp = -0.64. The relatively more subatmospheric dif-
fuser pressure, compared to the performance shown in Fig. 18, re-

sults in a greater centerline augmentaction ratio value of 1.40.

For both the flapped NACA 4412 and Williams A contour dif-
fuser configurations, it is found that more rearward positioning
of the simulated turbine yields higher performance than if it were
located near the leading edge, at the minimum cross section, or
within 45 percent chord (c) of the trailing edge of the dif-
fuser. For example, comparative data for a diffuser documented
by Fig. 18 but with the turbine simulator at about 75 percent c,
instead of 10 percent ¢, yields a greater centerline r of
1.6 and a 4, of 0.94 q, at the same value of 0.83 q, disk

loading.

The variation of augmentation ratio, r, with turbine load-
ing, CT’ is shown in Fig. 20 for ring wing model configurations
(1b) and (2b) (refer to Table 5). Also spotted are data points
for models (1a), (lc), and (2a), each at a single disk loading

value. The general trend of increasing augmentation ratio with
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Figure 20 Centerline Augmentation of NACA 4412 Contour Ring Wing Diffuser Configurations at Different
Disk Loadings
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CT up to loadings of 1.06 1is evident from these test data. The
diffusers equipped with split flaps show augmentation ratios that
are 45 percent (for model 1) and 20 percent (for model 2)
greater than the basic diffuser. The airfoil flap~equipped ring
wing (model 1lc) has 88 percent better performance than the basic
airfoil design, and is approximately 50 percent better than the
split flap equipped diffuser., Normally, the wing section lift

coefficient, C increases with angle of attack, a, until stall

angle is reacheg. For the NACA 4412 section, o = 16° 1is the
stall angle. From this characteristic behavior one would expect
the diffuser for o = 12° (i.e., model 2) to perform better than
for a = 6° (i.e., model 1), However, the reverse trend is seen
to exist by our data for split flap equdipped diffusers. The rea-
son is the flap type of lift improvement device shifts the stall
angle to o = 11°, and the CL drops very rapidly with further
increase in o (Ref. 11). The superiority of the airfoil-shaped
flap over the split flap as a lift augmentation device is confirmed
by our data. However on the basis of cursory consideration of fab-
rication complexity, wetted surface, and bulk, the split flap tech-

nique appears to be more cost effective than the two=-airfoil element.

Our tests indicate a design approach that links the contour
exhibiting the highest attainable section 1lift coefficient with the
best attained ring wing diffuser performance. There is reason to
expect (e.g., see Igra report, Ref. 2) that augmentation does not
increase indefinitely with disk loading. However, within the range
of turbine-simulating screens available during this contract period
we were unable to observe a peaking value or trend. Further work

along this direction is planned in future activities.

Values of the ratio of turbine approach velocity to free stream

1
velocity (qz/qo)2 are given in Fig. 21 for the NACA 4412 contour
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Figure 21 Centerline Induced Dynamic Pressure Ratio for NACA 4412 Contour Ring Wing Diffuser
Configurations at Different Disk Loadings

diffusers. The general trend may be summarized as varying from
values greater than 1.0 at low to moderate turbine disk loadings
to slightly less than 1.0 at Co above 0.7 to 0.8. Theo-
retical predictions for the optimum actuator disk give a ratio of
velocities of 67 percent. It is therefore apparent that the dif-
fuser induces higher mass flows throughAthe turbine than for the
optimum unshrouded configuration. It is possible to relate, then,
the augmentation rato of any turbine mounted in a particular dif-
fuser design to its measured (qz/qo) value in an'unambiguous way,

from such data as given by Figs. 20 and 21.
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Such lack of ambiguity is not possible solely by measurement
of the diffuser exit pressure., The curves of Cp4 given in
Fig. 22 for the two short length NACA 4412 designs show that the

values, between -0.60 and -0.70, are all comparable to the
best designs of longer diffusers reported by Igra (Ref. 2) and

could not have been predicted a priori.
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Figure 22 Exit Plane Pressure Reduction for NACA 4412 Contour Ring Wing Diffuser Configurations
at Different Disk Loadings

Figure 23 shows the variation of augmentation ratio with tur-
bine loading for the Williams A type airfoil ring wing diffusers
and for one test with the Liebeck airfoil contour. Although the
trend for the Williams A design is similar to that for the NACA
4412, the r levels are slightly higher for the latter configura-
tion fitted with 0.20 split flap. The use of a split flap in-

stead of an airfoil shaped flap with the Williams airfoil does not
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Figure 23 Centerline Augmentation for Williams “A’’ and Liebeck Contour Ring Wing Diffusers at Different
Disk Loadings

5

produce the dramatically higher augmentation performance found in
the NACA 4412 design. Although the theoretical 1lift coefficient

of the Williams shape is larger than the NACA 4412 and should pro-
duce greater augmentation, the test results did not show this.

Some reasons for this result include the possibility that the model
template did not reproduce the Williams contour with sufficient
precision and that we used too small a model size (i.e., Reynolds
number effects) to obtain full realization of the theoretical sec-
tion lift. The short axial length of the main Williams contour,

however, warrants further examination of this approach, possibly
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at a > 0°, in contrast to a = 0° employed for the models of

the reported test series.

The results of the Liebeck contour diffuser at the one low
disk loading tested are disappointing. Even though this supposedly
high 1ift design may yet prove to be of supérior performancé at
high turbine loadings, the inherently more massive and weighty
characteristics of this basic shape give it a low priority in our
application. A simple short cylindrical tube appears to offer as
much aerodynamic benefit, albeit poor, as the Liebeck contour ring

wing diffuser.

The data on ratio of local to free stream dynamic pressure,
qZ/qo’ are given by Fig. 24 for the range of disk loadings tested.
All models and test conditions appear to yield greater mass through-
put for the simulated turbine than a best unshrouded turbine. The
diffuser exit plane pressure, represented by the coefficient Cpa,
is highly subatmospheric for all ring wings and scattered about a
mean value of about -0.60. The split flap equipped Williams
contour yielded the greatest measured suction pressure, -0.82 q,>
at a relatively low turbine loading. However, the low loading more
than offset the enhanced mass flow to produce an augmentation ratio
that was only about 0.60. The simple short cylindrical ring pro-
duces an exit plane pressure very close to atmospheric, and holds

no promise as an augmentation device,

In summary, the aerodynamic performance of short flapped ring
wing diffusers, with NACA 4412 and Williams A contours, yields ap-
preciable power augmentation of highly loaded wind turbines., The
limiting potential of this augmentation has not yet been reached at

a turbine disk loading approaching slightly greater than 1.0 dy.
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be calculated using the so-called method
general approach to the problem has been
and Weber (Ref. 12). 1In particular, for
diffuser, an appropriate distribution of

bined with a uniform flow along the axis

The calculated pressure at the exit

a 10 vortex ring solution less than atmospheric pressure

1.0

Figure 24 Centerline Induced Dynamic Pressure Ratio for Williams “’A" and Liebeck Contour Ring Wing

ANALYSIS OF FLOW THROUGH DIFFUSERS BY METHOD OF SINGULARITIES

The inviscid flow about an axisymmetric conical diffuser can

of singularities. This
discussed by Kuchemann

a thin walled annular
ring vortices can be com-

to yield the desired flow.

The distribution of vorticity along the diffuser surface must be
such as to satisfy the condition of zero normal velocity at the
diffuser surface and must also satisfy the Kutta condition of no

velocity discontinuity at the diffuser trailing edge.

plane is in all cases for
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RADIUS/DIFFUSER LENGTH

From Bernoulli's equation we would expect the velocity over the
exit plane to be greater than Vo’ i.e., there is an enbhanced
flow through the diffuser exit plane over what would occur in the
absence of the diffuser. This increase in flow is strictly an
inviscid flow effect and is really caused by the lift forces of
the diffuser wall on the fluid which result in additional fluid

being directed inward and through the diffuser.

This effect may be understood more easily by examination of
the flow streamlines plotted in Fig. 25, where the upper half of
a vertical section through the diffuser centerline is shown. The

centerline flow is represented by the abscissa axis, and the flow
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Figure 26 Streamlines Computed by the Method of Singularities for a 30° Half Angle Diffuser
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at the upstream and downstream ends of the plot are seen to ap-
proach roughly uniform flow. The convergence of the upstream flow
into the diffuser, resulting in an increased flow, is easily ob-
served. Likewise a continued expansion of the flow (pressure re-

covery) downstream of the diffuser exit can be noted.

The present analysis assumes no separation of the flow — this
condition is realized in the experiment by use of slots. Also
since the analysis is inviscid, boundary layers are neglected — this
is probably not a bad assumption since the actual boundary layers may
be relatively thin due to the use of blowing through slots. A more
serious error is neglecting the wind turbine at the diffuser en-
trance., This shortcoming can be partly overcome, however, by an
extension of the method of singularities, and this part of the analy-
sis is currently being done. The extension involves superimposing on
the flow through the diffuser a reverse flow caused by a series of
vortex rings (rotating in the opposite sense to those considered
previously) located along the wake stream surface. The vortex
strengths along the diffuser surface must be readjusted to maintain
zero normal velocity at the diffuser surface. The vortices along
the wake are chosen to be of such a strength that the resultant de-
crease in flow through the diffuser is equal to that caused by the
flow resistance of the wind turbine. ‘By further refining the method
of singularities it is possible to account for the presence of slots
in the diffuser wall, a finite gap between the diffuser inlet and
the outer edge of the wind turbine, and effects of finite wall thick-

ness. We can also compute the effects of nonuniform flow over the

turbine disk.




3. ECONOMIC ANALYSIS

GENERAL CONSIDERATIONS

Economic assessment of the diffuser-augmented wind turbine
(DAWT) relative to a conventional wind energy conversion system
(WECS) requires that the most competitive versions of each concept
be identified, their performance measured, and then priced accord-~
ing to consistent costing rules. Identifying the cost-optimized
DAWT is more complicated than for conventional WECS, because there
are more parameters affecting the economics and there is a paucity
of good performance and costing laws for very large diameter, short

diffusers.

Our goal is to compare capital cost per unit power produced
over an annual wind spectrum, so we must identify the DAWT that has
the best value of that parameter, and compare its value to that of
the best conventional WECS. We have found the graphical portrayal
of Fig. 26 to be useful in under standing this process, and relating
it to standard treatments by economists. In Fig. 26, the curves
are sections of constant augmentation ratio through the surface that
represents the locus of best achievable DAWTs (from a cost stand-
point) for various power levels. With r =1, we have a conven-

tional WECS.

Along any constant r curve, for a particular design concept
of wind power conversion systems, the average cost of unit produc-
tion capacity first decreases as the power level of the unit in-
creases due to the usual economics of scale. At some power level,
any further increase in unit capacity requires an extension of
rotor diameter past the aeroelastic limits for low cost construc-
tion that results in an increased average cost for the power. 1In

economic analyses the minimum average cost is found always at the
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Figure 26 Surface of Lowest Cost Designs for Comparison of DAWT to Conventional WECS

output that makes optimum use of capital. This occurs where the

incremental cost needed to add the last increment of output just

equals the average cost of total production. In mathematical

terms, to optimize the cost of wind power production we need
C = C' where

P
C EE% C'(x)dx , the cost of unit annual energy
o
where
c'= éﬁ%—l = %% + C , the incremental cost
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The equality C' = C exists when oC/OP = 0. This establishes

the criterion for minimum C in a plane of constant r.

Changing the design concept of a wind power conversion system
by adding augmentation, creates a new curve describing the varia-
tion of cost with power level at a new (constant) r. This new
curve will have a different minimum cost point which may or may
not be less than the previous curve's minimum. The problem then
becomes to establish that a design point Cl(rl,Pl) exists, where
C; <C,» and to determine the particular Cl(rl,Pl) at which the
cost of unit annual energy is the absolute minimum for the entire

surface of lowest cost designs.

Even after identifying the most cost effective design point
Cl’ many applications may exist that require construction at off-
optimum conditions. When construction of a unit at this design
point results in the generation of more power than is required, an
uneconomic allocation of material resources and capital results.,
On the other hand, insufficient power generation capacity with re-
spect to actual future demands can reduce economic incentives for
growth. The most economical system puwer capacity is usually one

rated at slightly more than the current expected demand level.

COST ESTIMATES
Diffuser N

In the course of investigating the economics of DAWT utiliza-
tion, it became evident that no meaningful results would be forth-
coming without a stress analysis, at least at the preliminary de-
sign level. Once the structure was defined, the associated costs
could be estimated. A diffuser configuration was selected as a

baseline design, with the understanding that any of its features

68




may change. The cohfiguration selected for stress analysis was a
30° balf angle (6), boundary layer control diffuser design for
a turbine diameter of 60 meters; this baseline design gives an

average augmentation ratio of 1.89 in our model tests.

The design analysis applied here combines shell theory with
use of a computerized finite element structural analysis. The de-

sign criteria are
e The material yield strength must not be exceeded

°® The radial deflection of a ring section around
the turbine positionbshall not exceed 1.5 per-

cent of the radius

The latter specification prevents the turbine from striking
the diffuser wall and is in a range of tip clearance (2 to 3 per-

cent radius) that gives good ducted turbine performance (Ref. 13).

The maximum wind speed for an operable turbine is taken at
75 mph. Although the turbine will be feathered or braked at higher
speeds, the diffuser wall must be capable of withstanding winds
baving dynamic pressures up to 60 psf, corresponding to 150 mph
at sea level (Ref. 14). 1In the most extreme wind speed case, a
project lifetime risk of occurrence of 3 percent or less (Ref. 15),
provisions for supplementary tie-down cables are assumed, and the
deflection criterion is abandoned. The tied down, 150 mph wind
condition leads to more severe stresses in the diffuser structure

than the 75 mph maximum turbine operable condition.

The large full scale diffuser structure can best meet the de-
sign criteria by use of a double wall construction consisting of
relatively thin surface plates, or skins, separated by rings of
depth, h. This type of structure is primarily subjected to bend-

ing loads. The diffuser assembly assuned for the baseline design
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is to be supported by twod rigid structures running the entire length
- of the diffuser and circumferentially offset by 20° from the keel
line of the diffuser (see Fig. 27). These supnorts are on a rotating
platform to accommodate movement of the DAWT into the active wind
direction. Other support options will also be examined in future
designs. The total structure then consists of the skins, rings,

and support truss. In a practical sense, the total ring weight is

a fixed percentage between 10 and 15 percent of the diffuser

skin weight.

The weight of the diffuser structural material based on both

the strength and radial deflection criteria is given by

| SR, (ah/a,) E/0) R [1 o () sin__el5
2 R2/ 2

" (oy/p)2 [1 + (h,/by)]
where
C = proportionality constant
6" = allowable deflection
R2 = turbine radius
qq = dynamic wind pressure for yield criteria
(at 150 mph)
dq = dynamic wind pressure for deflection
criteria (at 75 mph)
E = modulus of elasticity of diffuser material
p = diffuser material density
£ = running (slant) length of diffuser shell
Oy = yield strength of diffuser wall material
h = depth of wall structure of the diffuser
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The total material cost of the diffuser is the unit cost U,
of the structural material used, $/pound, times the total weight,
or U, x W. For a particular diffuser and turbine design, yielding
an augmented power of rP, where P <« Di at a constant wind
speed, the average material cost, AMC, of the diffuser structure
above is (UC b W)/D% = AMC, and the AMC per unit power 1is
AMPC = AMC/r.

For different materials of construction the diffuser AMC is
proportional to (Ep/os) X UC. A relative AMC comparison of some
common fabrication metals is listed in Table 6 for current prices

in mill quantities of structural material (Ref. 16).

TABLE 6 RELATIVE COSTS OF MATERIAL OF CONSTRUCTION
FOR WIND TURBINE DIFFUSERS

Type/ E, psi [ 1b/in.3 o, psi U, $/1b Relative
Material y ¢ AMC
HSLA Steel 30 x 10°  0.282 120,000  0.14 1.00
HSLA Steel " " 80,000  0.13 2.09
HSLA Steel " " 16,000 0.12 6.46
6061 Alum. 10.5 x 10°  0.10 40,000  0.85 6.46

Our baseline selection of high strength, low alloy (HSLA) con-
structional plate steel for diffuser construction is easily fab-
ricated by standard welding and fastening techniques and is the
preferred material for pressure vessels, tanks, offshore platforms,
and heavy duty mining and earth moving equipment. Maintenance for
such material is minimal because of its inherent corrosion resis-

tance properties. Much higher strength steels (i.e., super alloys)
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are also feasible, but at a greatly increased price and with less
availability and familiarity among fabricators. As compared to
steel, the much higher price per pound of commercially available
aluminum alloys and their lower yieid strength offset their lower
weight, elasticity modulus, and corrosion resistance. Very high
strength aluminum alloys are very costly and will not radically
change aluminum's unfavorable competitive position. As indicated
in Table 6, a steel diffuser equal in cost to aluminum would re-
quire relatively low yield strength alloys compared to steels with
material properties currently considered readily available. While
aluminum is attractive from a maintenance and aesthetic viewpoint,
its comparatively higher average cost (see Table 6) precludes its

further considcration fur wind turbine diffusers.

The average total cost, ATC, of the fabricated diffuser is
estimated from the statistical relationship of total sales to mate-
rial cost for typically similar industries. By using U.S. Depart-
ment of Commerce data, presently available only for the period
1969-1971, for several appropriate industries (see Table 7; also
Ref. 17), we have applied a factor of 2.2 for full scale diffusers,
It is reasonable to assume thaf such a structure could have major
prefabrication in highly industrialized regions of the U.S. and then
be shipped as knocked-down components to the ultimate assembly site
for use. Our "factored" cost estimate probably is accurate to

+10 percent of the actual cost of full scale production.

The variation of diffuser total average cost, §, with tur-
bine diameter, D2, for geometrically similar designs is
$ « L(L + = sin 0)°

D,

where L is the axial length, if governed by both deflection and

strength criteria. Bui, for the fixed dimensional relationship of
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TABLE 7 1969-1971 INDUSTRY-WIDE FACTORS OF (SALES/MATERIAL COST)

SIC Code Industry Average Factor
33 Primary Metal Industry 1.70
34 Fabricated Metal Products 2.1
3441 Fabricated Structural Steel 1.85
3444 Sheet Metal Work 2.0
3446 Architectural Metal Work 2,25
3567 Industrial Furnaces and Ovens 2.0
37 Transportation Equipment 1.70
3721 Aircraft 2.3
3731 Ship Building 2.3

L/D2 = constant recommended by model test results, we obtain for

the diffuser

$ =D,
However, as the turbine diameter decreases the deflection criteria
can be relaxed somewhat because absolute deflections will approach
the order of magnitude of construction dimensional accuracy. Under
these conditions, the specific strength criterion probably becomes
controlling. The diffuser weight varies with D3L for this cri-
terion, and § varies as D2. Accordingly, to account for some
tendency of diffuser weight to vary nonlinearly with diameter as
size decreases, we estimate the average variation as being propor-
tional to the 1.25 power of turbine diameter between 10 and

60 meters, or § o D;.ZS. For diameters greater than 60 meters,
both structural criteria must be satisfied rigorously, and § < D

is assumed to hold.

The total weight of a diffuser for a 61 km (200 ft) diameter
turbine is estimated at less than 500,000 kg (1,100,000 pounds)

when constructed of HSLA steel. The fabricated diffuser should cost
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a total of about $335,000, resulting in diffusecr § (i.e., di-
viding by D2) of approximately 90 $/m2; the average cost per

unit power, ATPC, is about 47 $/m2. By comparison, one recent
authoritative estimate (Ref. 18) for the weight of a 61 km diame-
ter turbine made of composite material is 18,180 kg (40,000 pounds),
costing $400,000, and resulting in a wind turbine $ of 107 $/m2.

Rotor

The large wind turbine project, initiated by NASA-Lewis Research
Center as part of the ERDA progm m, has made possible an updated de-
tailed examination of wind turbine costs (Refs. 18 and 19) in the

100 to 1500 kW rated power range. The estimated costs for pro-
duction quantities (i.e., ~ 100/year or greater) also have been
summarized recently (Ref. 20) for Mod-1l designs. Based on this
authoritative information, we have synthesized the trend of average

rotor costs with diameter.

The traditional curve representing average cost versus size
(or quantity) is U-shaped, and described by an equation of the
form y = kleX + kze-x. Modern economics theory explains this shape
as the result of initial economics of size (i.e., bulk transactions,
massed reserves, and specialization) that produce lower average
costs as size increases. However, beyond a certain size or quantity,
the sources of initial economy no longer remain available and further
increments of size become relatively more costly. The change of
conditions, producing an increased average cost trend, creates the

over-all U-shape.

The normal curve up turn in average cost for larger units than
can be produced optimally is accentuated further in the case of
wind turbines by the problems of aeroelastic stresses in large canti-
levered structures. The major stresses on a blade hub design arise

from centrifugal radial tension and thrust bending moment, It can
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be shown that the total stress Orps combines the effects of the

two forces and equals

_R292 2

C

(1 +%—\;
. h/

O'T’\J

2
where b

average blade chord

0
I

Q0 = rotational speed
Ch = effective diameter of blade hub section
R = blade radius

For constant ¢, blade aerodynamic characteristics, and blade
éolidity (~ c/R), the hub stress is proportional to a high power
of blade radius

Op & R4 since R >> C

T h
Then, the turbine blades can be made geometrically similar for dif-
ferent sizes only when the total stress O is equal or less than
the fatigue strength, Ogs of the blade material. For larger
rotor sizes, extraordinary design measures must be exercised and
turbine costs can no longer be extrapolated on the basis of smaller
turbine costs. At present, it 1s reasonable to consider turbine
rotor diameters up to about 65 meters (~ 210 ft) as being within
current capabilities to design and manufacture reliably operating
turbines. For rated systems requiring much larger diameter blades,
current practice suggests secondary support trusses or replicative
assemblies of smaller turbines on a common support superstructure

at a common land site,

The Kaman Aerospace Corporation cost estimates for advanced
composite turbine blades are approximately 67 $/m2 for the 500 kW
rated system (diameter = 45.7 meters) and 92.6 $/m2 for the
1500 kW rated system (diameter = 54.8 meters) (Ref. 19). The
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Kaman turbine cost trend between 45 and 75 meters diameter fol-
¥vs a relation of (Ref. 17) .

& = 4440 ¢0-023D

where D 1is in meters. The average cost is then described by

_ 0.023D
5 - 4440 e2 ’ $/m2
D

The General Electric'Company estimates, published about mid-
way in their contract period (Ref. 22), presented a cost trend be-

tween 20 and 100 meters diameter described by

§ = 33.77 D°*%% + 20,000

Later, at the conclusion of their contract GE had revised the rotor
costs to 75.5 $/m2 for the 500 kW rated system (diameter =
55.8 meters) and 84.4 $/m2 for the 1500 kW rated system
(diameter = 57.9 meters) (Ref.‘l9). This final design study gives
a cost relation of §$§ = 1732 exp(0.088 D) and an average cost of

173y J0-088 D
$ = ) D > $/m
. D

2

- The results of these estimated average rotor costs for both study

organizations and Grumman's estimate of diffuser (only) average

cost are given by Fig. 28 between 10 and 100 meter rotor diameters.

Examination of this figure reveals that

a. There is a large variation in turbine cost
estimates for small to moderate size rotors,
depending on the organization conducting the

analysis

b. Both turbine design teams have optimized the
cost of their configuration at around

25 meters diameter
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utilized.

The difference in estimated average cost for

very large diameter rotors (i.e., above

60 meters) is negligibly small between both
design groups. This fact may arise from the
relative inexperience of the entire engineer-
ing profession in construction of such large
diameter turbines which forces independent de-
signers into similar designs based on the best

consensus practices

Between about 25 .and 53 meter diameters, the
average cost of the diffuser is within the range
of the two rotor estimates. However, initially °
the average cost of the rotors decreases with

size while the diffuser average cost increases.
Only beyond about 45 meters does the rate of
increase of diffuser average cost become less than

that for the turbine.

With this present band of uncertainty clouding most of the rotor
cost estimates, there probably can be no clear cut economic con-
clusion except to state that diffuser costs are no greater than
rotor costs, and can be much less. Further, since diffusers are
not subject to cyclic centrifugal stresses, the average cost of
diffusers for very large diameter turbines is always going to be

less than for the rotor itself,

WIND UTILIZATION FACTOR

Because of'wind turbine operational problems, the full annual

spectrum of wind speeds, or the total annual wind energy, cannot be

One of these turbine limitations is the maximum velocity

that can be sustained before structural damage occurs to the turbine

For higher wind speeds, the turbine must be feathered or

braked so that the converted wind power is essentially zero. Another
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limitation is the minimum wind speed needed to produce enough tur-
bine torque to overcome bearing friction and windage losses, and
meet speed control criteria of the power generation system. Between
the minimum and rated wind speeds the turbine performance and con-
trol system logic restricts the output power to a level less than
the rated value. The yearly usable output of the wind turbine then

is some factor of the total annual wind energy potential which is

called the "usable energy pattern factor," keu’ defined as
t3
3 : 3
VR(t2 - tl) +[ v~ dt
)
keu - 3
t
f v dt
o
8760 3760
where
VR = rated wind speed
v = instantaneous (short term) wind speed
ty = hours of year when maximum wind speed is exceeded
t, = hours of year when rated wind speed is exceeded
t3 = hours of year when minimum wind speed is exceeded

For conventional optimum WECS, the local air speed at the
leading edge of the turbine blades theoretically is 2/3 of the
free wind speed. The minimum wind speed, Voc’ would be reduced
by 1/3 at the WECS optimum turbine; or Vtc = (2/3) VOC. How-
ever, for DAWTs the ratio Vt/vo = ¢ 1is greater than 2/3 be-
cause of the preturbine acceleration produced by the diffuser.

Then for the same cut-in torque power, the DAWTs turbine can operate

at a lower free wind speed than the WECS, or -
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2/3
o) =)

DAWT ¢ WECS

This characteristic permits DAWT to operate over annual periods,
ts mych larger than for WECS. The diffuser produced speedup up-

stream of the turbine can be accounted for in designing the turbine

at rated output, so that the same rated wind speed, VR’ can be
associated with both DAWT and WECS. Because the DAWT operates at
a lower turbine loading than WECS (typically peak C of 0,6

T
compared to WECS optimum loadings of 2.0) the DAWT can operate

at maximum wind speeds equal to WECS despite the diffuser speedup
of the former syétem. For these reasons, DAWT can operate at
rated output over the same (t2 -‘tl) annual time interval as
WECS, if so desired.

The significance of this brief discussion is that the k

factor for DAWT can be larger than for WECS because

ty t4
, V3(t -t,) + J vjdt + I v3dt
R*72 1
(keu) t t
Kk = DAWT _ 2 3 o
eu (keu) N ty
WECS 3 3
VR(t2 - tl) + v dt
)

since t4 > t3.

Figure 29 shows typical annual frequency distributions of wind
velocity in potentially attractive mountainous and off shore in-
stallation regions (Ref. 23). Between occurrence frequencies of
0.3 and 0.9, these curves can be approximated by a linear ex-
-pression

v=at+b
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where a = -0.0037 and b = 38.25 for trends of Fig. 29. Then,
approximately, (t, - t3) = [(2/3)/e - l](t3 + b/a) and the addi-

tional usable power for the DAWT is approximately

t t
“ 3 gb3t2 1 at\3 'at‘2 3 raty )
L ath 2 /rath
[ vide ~ gt 12 (5 (%) +3 (%) + L
t3 ’ t3
For a representative case where VR = 20 mph, t1 = 876 hours,
t, = 4820 hours, t3 = 7000 hours, and ¢ = 1.31, then t4 - t3 =

1628 hours, and the ratio k_ = equals 1.51, that is, the DAWT
provides 51 percent more power per year than the conventional
WECS. For a lower value of ¢ = 1.0, t4 - t3 = 1100 hours, and
the ratio keu = 1.37, or the DAWT still provides 37 percent more

annual power.

It has been observed that the actual power output of practical
wind turbines with control systems, for winds at less than rated
speed, is best described by a parabola, as ft; vzdt, rather than

by a cubic.

If we make the second term in the numerator of the equation
for keu follow a parabolic relation, then the additional usable
power of the DAWT is approximately

t4 . t4

2 2
2, bt |1oan® o ar
[ th—8760[3 b, T\ g) *t1

£3
and for the example presented earlier, keu = 1,05 for the ¢ =
1.31 case and keu = 1.04 for the e = 1.00 case. Thus, we may
conclude that DAWT can improve the annual usable energy pattern
between 5 and 50 pefcent, but that it depends very much on the
control system characteristics for subrated powef production and

the spectral characteristics of the wind at the installation site.
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DAWT/WECS COMPARISON

For our economic assessment of the DAWT we compare the capital
cost per unit rated power of our present baseline design (e.g.,
augmentation ratio of 1.89, L/D2 = 0,5, A4/A2 = 2,78, 6 = 30°) to
a good WECS at cost levels associated with production quantities,
on the order of 100 or more systems per year. This simplified
evaluation is taken in lieu of a '"cost of power to the consumer"
approach which can become extremely complicated because of dif-
fering utilities accounting practices. A further advantage of
our method is that it can be applied easily to any economic in-

vestigation already completed for WECS applications.

The details of our analysis consist of adding the average cost
of the diffuser to the average cost of a wind turbine, for a par-
ticular wind turbine diameter, to find the average cost of the DAWT.

We then bave two options for evaluation:

1. Compare the DAWT to a WECS of equal turbine

diameter

2. Compare the DAWT to a WECS of equal rated

power

In the first case the average cost of the DAWT is divided by
the augmentation ratio, r, to give the average cost for comparable
rated power to the WECS. 1In the second comparison, the WECS turbine
diameter is made greater than the DAWT diameter by VT, and the
average cost of the WECS is determined for this larger turbine size.
Although turbine diameters larger than about 65 meters are con-
sidered operationally unreliable at this time, we have extrapolated

their costs from estimates for smaller diameters.

All costing information has been taken from the plots of

Fig. 28. Results of the first cost comparison; for equal turbine
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rotor size, are presented by Fig. 30. Using the Kaman rotor cost
trends (Ref. 18), DAWTs are less expensive for all turbine sizes
except a narrow size range of 40 to 45 meters diameter. With

the latest GE cost trends (Refs. 19 and 20), the DAWTs are less
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Figure 30 Cost Comparison of DAWT and Conventional WECS for Equal Rotor Size

costly for turbine diameters less than 20 meters or greater than
60 meters. 1In both situations, we have not taken advantage of the
larger usable wind power factor, keu’ of DAWTs compared to WECS.
If this factor were to be introduced, it would significantly broaden
the turbine size range in which DAWTs yield lower capital cost of
power, when GE cost trends are assumed. The keu factor also would
make DAWT significantly cheaper than WECS, especially if Kaman tur-

bine cost estimates were to prove more realistic.

When a DAWT with an augmentation ratio of 1.89 is compared to
a WECS of equal installed rated power, as shown by Fig. 31, the re-

sults are even more favorable toward the DAWT-than for conditions
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shown in Fig. 30. The excalation of average cost as turbine diame-
ter increases works against the WECS, and makes DAWTs less costly
for diameters greater than 45 meters, regarless of which authori-
tative estimate one applies towards the turbine, Particularly for
the GE turbine cost estimates, DAWTs are more economical over the

entire size range.
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Figure 31 Cost Comparison of DAWT and Conventional WECS for Equal Rated Power

The economic consequences of Fig. 31 can be interpreted in two
ways. The DAWT makes it possible to reduce capital costs for a de-
sired power demand, or the DAWT can deliver much more power for the
same investment capital as a WECS. 1In the first situation, the cost
of electricity will be cheaper because interest carrying charges of
investment are reduced; this favors the household consumer. In the
latter situation, the economic growth prospects of the wind power
user are enhanced and can result in a better future ability to pay
the fixed carrying costs of the original installation; this is a

favorable environment for industrial or commercial consumers.
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In summary, these economic analyses, using modern turbine cost

trends and our own diffuser-cost estimates for a boundary layer con-
trolled design, show that DAWTs have lower cost per power than WECS
for very large and small turbine diameter installations. The rela-
tive direct benefits of DAWT, especially in the intermediate size
range, are sdmewhat obscufed by the large uncertainty of current
turbine cost estimates; the DAWT can be less costly to more expen-
sive depending on whose authoritative judgement is used. The in-
direct benefits of DAWT, including a potentially greater annual
usable wind energy factor, probably shades the economics in favor

of the DAWT, regardless of turbine size or cost trends.
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4. ANALYTICAL DEMONSTRATION OF TWO-STAGE
CONSTANT SPEED ROTOR CONCEPTS

The objective of this part of the effort was to determine by
analytical means whether a practical version of a stator-rotor sys-
tem could be devised such that a constant speed rotor with fixed
pitch could cover the usable wind range efficiently. We will refer
to such designs as two stage wind turbines to distinguish them from
rotor alone concepts. A two-stage wind turbine is a natural out
growth of the use of a diffuser shroud, because of the streamlined
struts that are necessary to support the hub within the shroud. By
fitting each of the struts with controllable trailing edge flaps,
or by rotating the entire strut, the inlet swirl to the rotor can
be regulated to compensate for wind speed variations. This can
eliminate the costs of rotor pitch variation, allow direct syn-
chronous generation, and may show performance range advantages. The
corresponding costs of controllable stators will depend on the num-
ber of stator blades required to provide sufficiently uniform rotor
inflow. It should be a small cost for modest blade numbers, because
the stators are static, and are loaded only by the slightly augmented

wind velocity, not by the high relative wind of a rotor blade.

The initial work employed the concept of maintaining a constant
rotor angle of attack for as wide a range of wind speeds as possible.
This was accomplished by the scheme portrayed in Fig. 32. After
some experimentation we realized that rotating the entire stator
blade was always superior to use of trailing edge flap on the stator
because the swirl induced by the TE flap produced a negative (i.e.,
counteracting) angle of attack on the fixed stator's leading edge.
Even with this alteration, however, the peak efficiency range of the

two-stage concept was narrower than we would like. By modifying the
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computer program to compute single-stage systems, a matched pair
of stator and nonstator cases could be compared. This revealed
for the first time that the off-design efficiency of the rotor
alone was higher at all wind speeds than corresponding cases with

the stator! Figure 33 shows such a comparison.

Why did the stator decrease efficiency even while maintaining
the rotor at its most efficient flow angles and local disk loading?
The governing equations are highly transcendental, so we have some
difficulty showing the cause, but it seems evident that the adverse
change in rotor relative velocity overcomes the favorable effect of
maintaiﬁing the best rotor angle of attack. This effect is harmful
only on the low wind speed side of the design point, because the
bigh outputs at wind speeds much above the design point are not
usable to the electrical system, so some means of reducing output
must be employed. The pressure drop across the stator also plays

a role, but it does not appear to be the main effect.

A stator based on a control law that seeks to maintain constant
rotor angle of attack has been shown to be less effective than no
stator at all. 1Is there then any purpose for a stator, when a strut
system is needed anyway? There is one possible application: a
stator preset for improving low wind speed performance by intro-
ducing a preswirl that increases (rather than decreases) relative
velocity. This kind of stator would have an additional advantage
of delaying stall of the rotor blades to higher wind speeds. One
of the technological risk factors associated with any of the fixed
pitch concepts used in different types of wind turbines is that
unsteady effects associated with blade stall at high wind speeds
may lead to unacceptable dynamic blade loadings. We have not in-
vestigated this type of fixed stator system as yet, because it re-

quires another significant change in the computer program logic.
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Figure 33 Computed Turbine Power Over the Wind Speed Range With and Without Stators

A small investigation of this possibility is planned for the next

year's effort. We have reached the following conclusions:

1. Controllable stators are useful only as a possi-
ble means of inexpensive protecti on against over-

load at high wind speeds

2. A constant-speed, fixed~pitch rotor is practical
without a controllable stator if the rotor dy-
namic design can withstand the oscillations of
rotor blades operating fully stalled at high wind

speeds
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3. Because struts are needed anyway, there may be
some value in introducing a constant preswirl
to produce better performance at low wind speed
with less rotor blade area, sacrificing per-
formance at high wind speeds when the power
available is greater than that which can be

used by a controlled generating system

PESIGN TOOL

The Grumman computer program used for the analytical work of
this task is called ROTOR. It is written in the Basic language,
and is easily modified for the performance of special tasks. It
is based on the Glauert vortex theory (Ref. 24) with suitable modi-
fications to make that theory compatible with a two-stage turbine
integrated into a diffuser shroud. The main modification to the
original Glauert theory lies in the treatment of the axial inter-
ference factor, a. In the Glauert theory, each radial segment of
the rotor determines its own axial interference independently of
the other radial segments. In the ROTOR program the mean inter-
ference factor of the entire disk is applied uniformly to relate
the disk velocity to the wind velocity through the performance of
inlet, diffuser, ‘and exit plane suction region. Ultimately design
calculations will have to account for variations in axial velocity
across the turbine radius, but since these will be strongly in-
fluenced by inlet design, the uniform case seems to be the most
appropriate at this stage of development. The ROTOR program can
be modified to consider radial variation in axial velocity at the

turbine, The discussion of the previous section showed the signi-

ficanée of duct-induced velocity profiles.
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Computations are performed from the turbine out to the wind.

An assumed value of the axial velocity at the turbine is used to
calc@late turbine performance, then that performance is imposed on
the duct performance to determine the external wind speed that
corresponds to the assumed axial turbine velocity. This is a
valuable time saver, because an iterative solution is avoided as
long as a complete wind spectrum is covered. The stator and the
duct each carry their own parameter set, and there is no closed
form theory of the complete system to guide us. As a result, there
will always be room for improvement in any designs we generate, but
the ease of use and the speed of the ROTOR program and modern in-

teractive time sharing computers enable us to find very good de-

signs for particular purposes easily, and to survey the relative
importance of different design parameters quickly. Several hundred
design variations have already been calculated, and this experience

is our main guide in selecting new designs.

It bas been gratifying to note that the best design power co- |
efficients calculated by ROTOR usually occur very close to the disk
loading that is the theoretical optimum for the particular duct
model being used, and the values of those power coefficients are
of the order of 85 percent of the ideal power coefficient (i.e.,
a perfect turbine value). Some typical output data and stator
angle sets are shown in Figs. 34 and 35.

ROTOR DESIGN

Full demonstration of the potential of the DAWT requires that
the principles and performance be determined with working turbines,
even though simulated turbines are very useful in developing dif-
fuser configurations. To give the DAWT its proper assessment, it

is necessary to know the turbine's efficiency at all operating
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Figure 34 Diffuser Augmented Wind Turbine (DAWT) Performance

points. In order to avoid excessive expense for the design, con-
struction, and calibration, a very simple, versatile and broad-
ranged design is needed. We have adapted our rotor design program
to evaluate various single-stage turbines in duct installations.
The blades are of constant chord, constant section, and without
twist, so extremely inexpensive rotors can be built to match de-
sired characteristics shown first by analysis. Calibration in a
duct of known flow and pressure drop will then provide the required

turbine operating characteristics.
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5. FUTURE WORK

The most important single factor in the DAWT development is
to increase further its performance while minimizing the diffuser
cost. Among the means to this end, the most important is probably
a better understanding of the slot flow as it enters the high ad-
verse pressure gradient of a 30° half-angle diffuser. This will
allow more confident scaling to higher Reynclds number (i.e.,
larger sizes), and hopefully the maximum augmentation for each
diffuser size. Another possibility is reducing structural cost
by improved design features, and innovative concepts to relieve
the high cost of meeting storm load survival criteria. The possi-
bility exists also that some improvement may result from axial con-
touring of diffusers. The small scale results of the diffuser must
be demonstrated at significantly greater scale, and in such a
fashion that further scaliné-up can be justified. The screen simu-
lations of turbine output must be shown to be realizable (and im-
proved upon) by a real turbine. Drag loads must be measured. The
origin of the exit plane pressure reduction should be better ex-
" plained. The baseline designs we have generated must be improved,
‘both as the basis of construction of prototypes and as the basis

for better cost estimates and economical evaluations.
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