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ABSTRACT
Y

Means of reducing the size of a ducted far for a
given thrust and exit area were investigsted. Shorr diffusers
with expansion ratios from 4 to 8.71, were studied in two-
dimensional and three-dimensional flow downstream of an opera-
ting fan with several wall shapes; center vanes, boundary layer
control by localired suction and air injection, and shaped
center bodies were used to control the flow in the diffusers.
Various pressure distributions and velocity profiles were mea-
sured.

Results of this investigation show that short dif-
fusers(length'- 1.5 inlet diameter)with expansion ratios of
4 to 6 having limited boundary layer control can be designed to
achieve efficiencies of the order of 75 to 80 percent in the
two-dimensional cases and of the order of 80 to 85 percent im
the three-dimensional cases. This would theoretically permit
thrust/power increases of the order of 60 percent. With suit-
able flow control, the predominant parameter is the srea ratio,
not the expansion angle, or geometry of the diffuser. Localized
boundary layer suction with mass flow ratios of the order of
2.5 percent is adequate, and suction over the whole wall area
unnecessary.

Satisfaciory diffuser operation was also achieved
with air blowing along the inlet walls. ' Recommendations for
further research work in this area are submitted.
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FOREWORD

The study presented in this report was undertaken by
the Aercelastic and Structures Research Laboratory, Massachusetts
Institute of Techmology, Cambridge 39, Massachusetts and
sponsored by the U. S. Army Transportation Research Command
under Contract Number DA-44-177-TC-486, Job Order No. 2. The
authors, Mr. Jean F. Duvivier and Mr. Robert B. McCallum are
members of the Division of Sponsored Research Staff at M.I.T.
This research program was carried out under. the supervision of
Professor Rene H. Miller of the Department of Aeronautics and
Astronautics with Mr. Duvivier as Project leader. This study
began in Scptember 1958 and was completed in November 1959.
Mr. Richard £ennedy of the U. S. Army Transportation Research

Command was the Research Contracting Officer Representative on
this project.

The authors are indebtad to Professor Miller for bhis
constant guidance, to Professor Mollo-Christensen for his advice,
Mr. Alex Baker for bis assistance in the experimental program,
the personnel of the Model Shop under Mr. Oscar Wallin,

Mr. Don Tait for preparing the figures and to Miss Shirley A.
Hogan for typing the report.
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NOMENCLATURE

2

or ftzp

area (normal to axis) {1n.
area ratio (non dimensional)

pressure recovery coefficient (non dimensional)
diameter (4nm.)

total head (= p + q) (psi or in-alcohol)

head loss factor {non dimensional)

kinetic energy (psi)

diffusér length (in.)

static pressure (psi or in. alcohol)

mean static pressure (1idem)

suction pressure differential (= Pg - Py) (idewm)
power (HP)

flow rate (ft3/sec.)

dynamic pressure (psi or in. ahcobol)

outer radius = % (in.)

Reynolds Number based on width or diameter
radius (ia.)

thrust (1b.)

sirstream velocity (£ft./sec.)

mean airstream velocity (idem)

disk loading (1b./ft2)

distance from diffuser inlet along axis (im.)

mass flow (slugs/sec.)
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NOMENCLATURE ( Continued)

distance from axis, norm! to axis (in.)

augmentation factor = !z'!‘ (non dimensional)
(T/p)5

diffuser efficiency (non dimensiaonal)
pressure efficiency (1idem)
air density (ahugslfts)

pitch angle of blade (degrees)
half included diffuser angle (degrees)

Subscripts and Superscripts

atmospherie

blowing
inlet (two-diwensional diffusers); ducted fan inlet

outlet (two-dimensional diffusers); rotor plane
diffuser 1n1et.plane (axisymmetrical models)
diffuser outlet plane {axisymmetrical models)
ducted fan exit .

fan

ideal (no losses)

local

. root

suction
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including losses
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CHAPTER I

INTRODUCT ION

1.1 Purpose of Investipgation

Considerable interest exists at present in the use of
ducted fans as a means of achieving vertical take-off and
novering for varfous types of aircraft. Several investigations
bave reported on the thrust obtainable and the horsepower
required for such devices (Ref. 1,2,5,6,8,9).

It can be observed that ideally the T/P ratio
increases with decreasing fan disc loading '1'/A (Fig. 1). 1If the
air flow could be expanded without excessive losses from a small
fan to a larger outlet, the same thrust/power ratio as that of
an undiffused fan of the same ocutlet area would be obtained,
with a lighter rotor and transmission, since the smaller fan
would be able to operate at higher rotational speeds.

From momentum theory and assuming steady incompres-
sible flow the thrust of a shrouded fan 1is

3
Te mi, = plle Ve (1.1)
and the induced power
2 Y 3 .
Defining the disc loading for the diffusing fan as W= -7-
(which for a constant area duct reduces toI), €
4’
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and the induced pover loadin‘:

L. 2 -2V, % (1.4)
V4 e r

Eq. (1.%) shows that thc exit area is the only determining para-

meter. Therefore the size of the fan itself depends only upon

the possibflity of controlling the flow expansion from the fan

to the exit.

-In addition the effect of the diffuser would be to
slow down the airflow at the exit and therefore reduce the
magnitude of ground erosion which s known to create problems
for VIOL vehicles.

1.2 Scope of Investigation

It is generally well known from the work done om
diffusers in the past (Ref. 12 to 17) that for included angles
2¢exceeding 7 to 10° the friction and turbulence losses in the
diffuser become quite large and the diffuser becomes ve ; inef-
ficient. But the flow has been controlled in some cas of
two-dimensional and conical ditfusers by weans of bounciry
layer suction (Ref. 23,27,28,29,3),32), by vanes (Ref. 19,21,
22), screens (Ref. 25), suitably shaped center bodies (Ref. 138),
as well as by vortex generators and flow injection (Ref. 1v0).

All the cases studied in the previous references dealt
with two-dimensional and axially symmetric {conical) diffusers
of limited included angles, so that any appreciable area ratio
could be obtained only with lengths several times the diameter
which are unacceptable for the present application because of
the space restrictions likely to exist in VIOL aircraft. The
stringeat limitations on diffuser length led to the present
study of short diffusers having large expansion ratios and
curved walls with suitable means of controlling the airflow im
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the diffusers, with s length of the order of the exit disseter
oxr lese. = '

The first phase of this study dealt with two-dimen-
sional diffusers of basic area ratios 4, 6 and 8, with limited
boundary layer suction, vanes, and centerbodies. In the secoand
phase, the information gained in this study led to the fadbri-
cation and testing of axially symmetric diffusers bawving area
ratios of 4 and 8.71, with intermediate area ratios of 5.78,
6.52 and 6.55 with the introduction of shaped centerbodies.
These diffusers were mounted onto two operating ducted fan
models, of 6™ and 18" diameter respectively, in order to study
and measure the diffuser performance with the actual flow
downstream of a rotor; boundary layer suction, blowing and
vanes were used as seemed appropriate.

Total head and static pressure measurements wers
mwade shead of and at the exit of the diffusers, and an axial
pressure survey was made on each two-dimensional diffuser as
well as the larger of the axisymmetrical models (Model 1).
Boundary layer profiles ahead of the diffusers were obtained
for several cases.

The tests reported herein are limited to an evalua-
tion of diffuser efficiencies with large expansion dngles.  No
attempt has yet been made to determine experimentally the
feasibility of obtaining the theoretically predicted thrust
augmentations at a given power since this would have required
a precise determination of torques and a careful design of
rotors witb the correct pitch and chord distribution for esch
configuraticn tested. The rotor was considered primarily as a
device for producing a three-dimensional flow which was then
diffused through varying angles and with varying degrees of
control. The results indiceted that large area ratio short
diffusers could be designed to operate at reasonable efficien-

L n
PV B W

O ¢ o &




cles with suitable flow contxol. The design of a rotor systes
capable of exploiting the advantages of such diffusfion i{s &
logical extension of the present work. Preliminary estimates
have indicated that considerable care must be exercised in the
design of such rotors if their full augmentation potentialities
are to be realized.

1.3 Plan of Report

| The predicted effect of diffuser area ratfio upon the
variation of T/P that can be expected with different diffuser
efficiencies is presented in Chapter 11, as well as a brief
discussion of the meaning of diffuser efficiencies for the pur-
pose of this study.

i A description of the experimental apparatus that was
designed and built for this investigation, the models used as
well as the necessary auxiliary equipment follows in Chapter

I1I.
: ‘

The tests are discussed in Chapter IV, conclusions
drawn from these test results will be found in Chapter V, as
well as recommendations for further studies.
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CHAPTER 1II

THEORETICAL CONSIDERATIONS

2.1 Thrust/Power Augmentation

It has already been pointed out in Chapter I that
large expansion diffusers are known to have considerable
pressure losses. It remains to be seen, how much diffuser
losses affect the preceding analysis 'fmd what is the level of
acceptable diffuser performance.

In the ideal case,

Pr+ P = ,5, * v (2.1)
with a total head loss AH in tlie diffuser,
[ L
| /63 + 7’ - AH - ,64 > fy (2-2)
From which: . '
y.” * Py = At » fv“ Ny
At the exit, .p,‘ = pu; - P, therefore:
. .
vy~ Jy = A4H ;ﬂ.sf'_/!,,/ (2.3)
, . 7 fV‘ vf

The ideal induced power is
/ 1 8
7 = z” Vy = Ay v, 7«

and with losses:
7= Ay
Ay

)/0*7" + Ay K,'A‘/
Y
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ry
% (2.4)

Similarly: . .

7 A4 %"

7% A Y% ’
ands

L. % )" - 24,y (2.5)

7 v, fv’

The thrust power ratio including diffuser losses 1s related to
the ideal thrust/power ratio by
TP v p /

———  emes B cssseesces—

/P T P Vke

“wh
ere A= f_l/ _ (See Eq. 2.28)

Then:
2
/;/* = ;'Z‘-['r* "]‘ (2.6)

Yor a ducted fan, from momen tum theory,

%‘: z,-/f/g%
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Introducing Ao = Ay ot
4' .'.': .'}:.
T o 24/ B A .
? - 2 / -7-_’ ’i‘ (2',) i
L 8
. [T R
[E] V2 B
vhere . [ ®
7 — £ ‘
[—]: 2 ,a_'i! rf-’..f/-z—jz (2.8) f -3
Py 7 A, ! 1
(at sed level) , 1
{ 2 !
Substituting Eq. (2.7) into Eq. (2.8) yields: \
L J
I -
7‘) [r] [ ]‘ boson =
~ A'+ / SEORINEN
The Augmentation Factor ' :_:j 1
7/pP ; 1
- L (2.9) by
VARLIA i
representing the thrust increase at constant power ni the power v !
reduction at constant thrust achieved by diffusing a ducted fan {- ;
of a given size is: ST 4
. [
2.10 o
A‘*/ ] (2.10) =]
g -
Figure 2 shows a plot of this parameter for various S
total head losses in function of diffuser area ratio. The bigh- ®
est curve K = 0 corresponds to the ideal case without losses. B
The relationship of the total head loss factor K to 1
the more usual diffuser efficiencies is established in the next 1
section,
e
T
L S
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Eq. (2.10) and Fig. Z show that to achieve any - ' _
improvement (of > 1) the diffuser efficiency must be such that: AR
Kc Ag-7 . TR f:,';

> [
Z.Z piffuser Efficiency 1
The efficiency of a diffugser bas been defined vari- ]
ously in the literature, but two of the more comson forms will

be related to X for ease of cowparison with previous diffuser [ [

work.

The first, generally referred to as "pressure efficl-
ency” is a measure of the actual recovery of static pressure in
the diffuser in comparison witbh the pressure increase that » ®
would be achieved under isentropic non-viscous flow conditions: :

R )

. G (2.1)

v LB
i;z/—;;a) (M;

—+
vhere Gop = /%:-5 1s the pressure recovery coefficient of the
actual flow, and

Coerw I-"L o Lot (2.12) PRI

7 3 » o
Ay 7 D
{s the same coefficient in the ideal case without diffusion :'-_.{:.-‘\{- -:'_{-‘_-
losses (Ref. 20). 3 :-__::: T
This is the efficlency most commonly used in the - :f::j

early work on diffusers {Ref. 12,13,14,15,16,17). But it can > °
only be used for comparison between diffusers having the same ) 1‘

area ratio (Ref. 15,20), since that is an important parameter
of the expression.

The second or "diffuser efficiency™ is the ratio of , . 1

8 ' : S '-::'--::'j

: i::'iitl‘i:?:E:i:}:%

T ‘1

e = - 7 Toraratt -]
e
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static pressure increase to the decrease in dyremic pressure S
(kinetic energy) accomplished by the diffuser: ::_‘.‘.'_:.":-'f_-.:: 1
» - - ' ..:: .:. 1:_: ...' »:.
e Ly’ = fs (2.13) DOSRNN
7‘ > > & i ® ’
7 -5
A more accurate form of this emnergy conversion effectiveness is
also called diffuser efficiency:

13 RN [ ARl RO LM PEA T S PRI B FELDN S e 0 00wy AT
i

o .
- L bt dA- [ pri; A i
N ’ % . 2 A % oy /25 (2.14) ®
: Ly i 79 -/ a@® i :
| ] ) 43 7 27 le, v % :
E' l The additional precision gained by using Eq. (2.14) instead of ;:
° | ] : Eq. (2.13) was not considered to justify the additional labor R .
E 2 and time involved when reducing the data on a sizable number of e
i. 3 § tests. ' e
|'--; ‘.1 B0 e e e e
i 1 f Finally, in order to relate diffuser efficiency to the "
bk & Augnentation Factor € mentioned previously, an additional ef- . . ,-
;ﬁ 1j { Fy ficiency is used i.e. the ratio of total head loss to the exit ® |
};.:f i }} dynamic pressure, since the thrust is directly dependent upom e i
i & 3 ! the exit velocity squared (Eq. 1.1). )
b J i 0
P." B 1 i - . > - -‘ -:.'-'
!l i ke 20 . B0 [r-2) (2.158) RGO
1§ 5 » o
E. . , ,’ ,V . <
;.' . : -- -’ R ——
;.:- ] ?\" K= 7’ 7’ - i) 7’/";:’:) (2.15b)
.. = ’ : -' Py
P i ;_ 7’ 79. . ’ . |
r s
| & The head loss factor K will be used primarily in this 2
| report as it is more meaningful in terms of ducted fan perfor- R
E g mance improvement, as developed in Section 2.1. However for
E i the purpose of comparison with other diffusers and since other e
,& 1 references on the subject make use of either one of the two . °
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farmer cfﬂci.encm.' these are also preseated.

The average static and dynamic pressures at stations
3 and 4 were calculeted from the measurements cbtained at
discrete points by weighting each reading by .an increment of
srea over which the pressure reesding was considered reasonably
coustant. Thus:

/;;41 = j;'/%; ‘11?127 (2 1v)
1e

= 64;
5 7
Toe =) 217 w] (2 17)
‘ /z""/ Y

2.3 Effect of Suction and Blowing on Efficiency

I1f additional energy is required to control the flow
by energizing the boundary layer, this should be accounted for
in the diffuser efficiency. The efficiency of the work per-
formed by the suction (or blowing) pump and manifold system
will obviously vary with each installation. Therefore in this
study of diffusers, only the net energy expended is included im
the correction; the actual pumping power required when known

would be added to the rotor power. o z

The additional net kinetic energy is considered added
to the diffuser air stream between 3 and 4. '

Per unit of main flow, the met suction work done is:

BAE, - (/."’/f’)/": ;//6,.,6”)5’_{ - (2.18a)
= Q
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where ﬂ‘. 1s the Iozal static pressure at the suctiom
location Per unit of main flow the net blowing work done is:

AXEy _ -4 ) Ps 2.18b)
Q‘ //"I‘ /é ) Q. | (

where ,bz o 18 the local total pressure at the blowing
slot exit. Then the corrected efficiencies become:

A ps (2.19)
fo - pu)

7‘0 Comng *

Kione = 4 f; - 7:‘ 7 4‘: ~Ai ) Coo] _//'1.'?§{ZO)
v

for the suction case. For tbe blowing case ( ,ba- ,5&) ng is
replaced by ()6,‘ -/s) Q2 1n both equations (2.19) and (2.20).
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CHAPTER 11X

EXPERIMENTAL APPARATUS

3.1 Two Dimensional Diffuser Test Stand

This test stand was built around a 220V AC three-
pbased Z speed axial fan rated at 3000 cfm (maximum) (Figs. 3a
and 3b). The inlet to the fan was made of a size 20.00 x 20
truck tube tangent on its diameter t» a short cylinder of .025
aluminum alloy sheet that fitted snugly inside the fan outer
casing. The fan-inlet combination was mounted on four wheels
that allowed 2 inches axial motion with respect to the remain-
der of the stand. This permitted bleeding off air downstream
of the fan, thus permitting adjustment of the mass flow and
airstream velocity into the diffusers, by means of a crank and
threaded rod. Downstream of the fan was a constant area
gettling chamber followed by a nozzle that changed from a cir-
cular to a rectangular inner cross section with a contraction
ratio of 2.74:1. After the preliminary testing of the instal-
lation showed considerable turtulence and rotation of the flow
in the nozzle exit, a 2 x 2 in. square honeycomb and a single
16 mesh wire screen were installed between the settling chamber
and the nozzle. The flow was improved satisfactorily. Three
rakes, each consisting of five total head and one static pres-
sure probes were installed permanently across the smallest
dimension of the nozzle exit. Tbese rakes will be referred to
hereafter as the "diffuser inlet rakes". The static pressure
and total head probes from the inlet rakes were connected to
a multiple tube manometer.

A boundary layer probe traversed by a micrometer was

12
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installed in the xight wall of the nozzle and could be used to
measure the boundary layer ou the opposite (left) wall as well
as the adjacent (right) wall. (Right and left walls refer to
an observer facing upstream) (Fig. 3c). This probe could mea-
sure dynamic pressure as close as .003 inch from the wall sux-
face. The Iocal boundary layer dynamic pressures were read on
a Prandtl manometer to an accuracy of + 0.05 wm of alcohol
(specific gravicy 0.82).

A two inch wide 1/4 inch thick flange on all four
walls of the nozzle exit was used to clamp the diffuser assembly
in position.

3.2 Two Dimensional Diffuser Assembly

The permanent part of the assembly consisted of top and
bottom parallel walls made of 3/8 in. thick plexiglas reinforced
externally by 1/4 x 2 x 2 in. aluminum alloy angles. The bottom
wall vos positioned permanently and its downstream end supported
on two steel angles extending from the stand table. The two
interchangeable walls of the diffusers were made of .032 in.
thick 24 ST aluminum alloy sheet bent along three 1/2 in. thick
wooden templates cut to the desired contour, and fastened with
flush headed screws to the templates. These were held together
by wuoden cross bars. The upstream end of each diffuser wall
was perpendicular to a .125 in. thick aluminum alloy flange,
which could be held in place against the corresponding nozzle
flange with C-clamps.

Both expanding walls were then clamped symmetrically
between the two plexiglas panels with wing nuts and threaded
rods passing through aluminum tubing spacers of the correct
length (Fig. 3c). Top and bottom walls were marked with a 1
inch square grid, which permitted locating tufts, disturbances
etc... while observing the flow through the transparemt material.

13
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Tha jolot between nozzile aud aiffugser walls wvas fllled with
Plasticene putty aftex nssemb!y;

The following diffusers were made and tested: two
with cxporential wall curvature following Gibson's results
(Ref. 12) with area ratios 4 and 6; two with reversed curvature
of area ratios 6 and B and one with parallel walls for compart-
son purposes. The reversed curvature walls vere intended to
test extreme possihilities in controlling thn flow against stzep
pressure gradients, while attempting to straighten out the flow
axially at the diffuser outlet. They do not represent neces-
sarily the best bhape nor are they based upon any specific theo-
! retical development {which would of necegsity require arbitr-

ary assumptions at this time). The diffuser geometries will be
found in Pig. Sa.

One row of static pressure pickup in each diverging
wall was located in the horizontal plane of symmetry. The
1 pickups were made of 1/16" diameter brass tubing set flush in
’ the walls and connected té6 a multiple tube manometer. Leakage
of air between the divergent and the parallel walls was pre-
vented by placing a single thickness of Scotch Drafting Tape
between the flat surfaces of the wooden templates and cthe plexi-
slas surfaces, and tightening the wing nuts on the spacer rods.
This method of assembly permitted making modifications readily,
changing the walls, and introducing the center plate, center
bodies and vanes with sufficient flexibility.

. Suction areas were not added to the diverging walls
until after the first series of tests had permitted observing
the position of separation on those walls by various means (see
Section 3.6.%). Then they were removed and 5 rows of .120
diameter holes with .190 pitch were drilled at-the chosen
location. A £iberglass suction manifold was made and fasiened
permanently to the outside of each wall, from which one or two
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i
i
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suction lines led to the measuring orifices and the suctiom
pumps. Dne center plete and three wedge center bodies were
made (see Fig. 5b). In addition a set of vanes was made for
the Ay = © and B8 diffusers with the optional addition of two
shorter center bodies near the diffuser outlet. (CBL and CRLL

Fig. 5b.) '
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3.3 Axisymmetrical Diffuser Test Stands

)

3.3.1 Model 1, 18 in. Diameter Rotor

I The Task motor, roter assembly and ducted fan ring .:
1 | ! described in Ref. 1 were used as the basic flow producing de- 73
| vice for the diffuser configurations described in Section 3.4. 3

The vaier cooled induction motor rated at 9.2 HP at D
6500 rpm was supplied with three-~phased AC current from a
.i' variable frequency generator through a 250 ft. insulated line
} of three No. 10 wires. The motor drove a two bladed 18 in.
[ diameter rotor fully articulated in the vertical (flapping)
‘ | and borizontal (lagging) planes. (Fig. 8). Three sets of _
blades made of balsa wood shaped around an aluminum alloy spar OGNS
were available originally: one untapered untwisted set
(called set A), one untapered set with 24° linear wash in . ‘-ﬂ:_:jfj:j.*-
(set B), and one untapered set with 24° linear wash out {set PY
1 C). The airfoil section was NACA 0012 for all blades. A
1 structuval failure was experienced with set B in one of the
N early tevts at high speed and tip pitch angle of 3%°, Sets A
' and C werev then reinforced by covering them entirely with
strips of clear "scotch tape" laid on chordwise but set B was ®
' not replac:d since Ref. 1 had shown that the difference in out- :
put from tne different blade sets was small. R

The model was mounted inverted (to avrid ground inter-
ference) in a large room, and supported at 3 points by strain 1
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gage tn:crmepted ﬁcme:, to rigid uprights bolted to the test
be‘o - "Izo ﬁo 8). :

.

3:3.2 Model 2, 6 in. Dismeter Rotor (Fig. 9, 10)

A smaller model was made im order to permit more
rapid changes in configurations, as the soaller diffuserv
models were quicker and cheaper to make and modifications much
easicr to install. Furthermore, it was possible that scale
effects might be observed. For this reason, the shroud was
made 1/3 the size of model 1 shroud with the exception of the
inlet iip radius as will be explained in Section 3.5. The

rotor (solidity .145) was made of two shaped aluminum alloy :
rizid blades 2 in. long, with constant chord of .9 in, the
shauks of which were turned and threaded into the hub. Two i

pitch distributions were tried but iittle difference was found.
Since the primary purpose of this program was to determine
diffuser efficfencies and since the blades gave reasonably
uniform inflow distributions, no other twist distributions were

tested. (See Fig. 10b.) Pitch settings were held with a set
screw, . '

The tip clearances of the rotor varied from .015 1in,
at 20° to .007 in. at 40° tip angles. The rotor hub shaft

rotated in two precieion bearings and was driven from the v

spinner side through a flexible shaft by a 115 V 60 cycles AC
induction motor rated at 3/4 HP at 20,000 rpm. The model was
mounted inverted to avoid ground effact interference on the
flow. A Strobolux directed at the blades was observed from the
conirol station by weans of a plane mirror installed under the
model, and served to measure the fan rotational speed., The
rotor hub assembly was held in place securely by weans of three

-032 in. thick aluminum alloy struts fastened to the outgside of
the duct.
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3.4 Model 1 Diffuser

The diffuser (Figs. 6 and 8) was made of two wooden
rings, one at each end of a sheet metal cone with included
angle 20 = 70°. The inmer surface of the transition ring (up- °
stream) was shaped according to Gibson's equation for circular
diffusers (Ref. 1Z). It was undercut to make a circular
suction chamber, and further downstream a blowing chamber into
which were fastened the shaped suction and bang wanifolds
respectively. The wall where suction was located was made of )
perforated metal strip (35 percent porosity) which could be
covered partially with No. 33 plastic tape to modify the
location and amount of suction area in the wall, over a small
range. The blowing chamber was closed by a metal plate fastened
flush with the wall at its upstream end and tapered to a sharp o
edge at its downstream end in line with the wall surface but |
leavingz a gap of .010 in. When not in use, this gap was filled
with plasticene, leaving a continuous wall surface. However, :
i no blowing tests were carried out on this model, because dif- - 4
( ficulties were encountered in obtaining sufficient blowing
capacity. Furthermore, the smaller model was by then com- T
{ ] plcred and the required information obtained readily. A coni- f:
1 cal center body with curved transition could be mounted inside BOACACTS
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“' this diffuser to reduce the area ratio to 4 (Fig. 6). The dif- ey
«|' : fuser was fastened to the main duct ring by wood screws. All 1
o ; the wiring and coolant lines were housed centrally in a 3 1/2 . ]
: diameter tube fastened to the motor housing, and taken out 0.0 1
. .i s radially through two streamlined tubes at the diffuser outlet. ‘
r'. % These tubes also served as struts between the center body and °
- ! 4 the diffuser. 3
! 1
- 3.5 Model 2 Diffusers ]
E' i Initially two diffusers were made of wood. Diffuser ~ 1
® 1
o 17 RRcte
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1-was exactly 1/3 scale of the Model 1 diffuser without the
.suction and blowing chambers (Fig. 1la). Suction openinys
were cut into the walls later, after tests without suction had
determined the area of flow separation from the walls. Blowing
was introduced by means of a ring manifold located between the
wain duct ring and the diffuser with the outlet tangent to the
wall in the downstream direction. Diffuser II had a reversed

curvature wall the upstream part of which had the Gibson expon-
ential curvature already mentioned. '

Both diffusers I and II had an area ratio of 8.71
without center bodies or with the tapered hub fairing (and of 8
with the untapered fairing) and a length equal to one and one
half rotor diameter (0.55 outlet diameter). Different center

bodies were used to vary the area ratio and the rate of change
of area ratio.

Finally, diffuser III was made with area ratio of %
and with the exponential curvature along its whole length.
Table 3 gives the ordinates of the various components.

Suction areas were located in all cases after actual
observation of the region of separation. The position of the
sepaxation boundary varied over a small range depending upon the
operating speed of the rotor and consequently the air stream
mean velocity (inlet Reynolds Number); it also varied with
azimuth within about 3/4 in. limits because of the strut wakes.

After delineating the limits of the separation

‘:oundary, the suction area was located so as to straddle the
mean position. On diffuser II the first area (upstream) 5/8 in.
wide, consisted of 5 staggered rows of 3/32 diameter holes
drilled through the wood into a small plenum chamber in the
outside wall; this was completed by a 1 1/4% in. I.D. rubber
tubing cut in half lengthwise and wrapped around the outside
wall, and held in place by a layer of Fiberglass. Two manifolds
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made of 1 1/8 in. Brass tubing led tangentially from the plenum

chamber at diametrically opposed points, and were connected to
the suction hoses. -

Subsequently a second suction area was located further

downstream vhere additional partial separation occurred under

certain conditions. It was found more convenient and less time

consuming to cut interrupted slits 1/32 wide into the walls.
Three such series of slits were staggered 3/16 im. apart. The
plenum chamber and manifolds were made as before. This method
proved quite satisfactory.

Diffuser I had only one suction area wbile Diffuser
111 had two in order to determine if there was any significant
difference in the amount of suction required at the two posi-
tions to stabilize the flow.

Two fairings for the hub, one tapered and one

untapered, were used as well as a set of circular vanes, shaped
so as to divide the inlet cross section into smaller concentric

diffusers of 7° ircluded angle. Two center bodies, Nos. 1 and
2 (diffuser area ratio 6.55 and 5.78 respectively) were used
with diffuser I and two center bodies Nos. ¥ and 3 (diffuser
area ratio 6.50 and 4.00 respectively) were used with diffuser
11 (Fig. 11b). It can be seen that compared with the two
dimensional diffusers, the same area ratio can be achieved in
an axisymmetrical diffuser over a smaller length since the
cross sectional area of the latter varies with rz while the
area ratio of the former varies directly with the width.

The original duct inlet had a lip radius of 16 percent

of the diameter (twice the scaled radius of Model 1) in order
to avoid separation that might be caused by small surface
irregularities on a sharper lip. A second inlet with elliptic
11p of the ssme overall thickness was also tested.
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13 i 3.6 Auxilfary Equifpwent .

3.6.1 Suction Equipment

Two commercial vacuum cleaner motor-fan combinations
were used ag pumps for all of the suction tests. Eeach had a
3 b 1 HP 115 ¥ AC motor-driving & f£mr with a rated suctfon eapacity
of 80 cfm. through 1 1/4 in. diameter hose at 15 in. H,0. The
pumps were controlled with Variac rheostats. The actual suc-
tion flow rate measured in each hose by a standard ASME orifice
mounted in a 30" length of straight pipe near the pump (Ref.
; 36). The pressure taps were connected to a U-tube manometer.
1 The orifices were calibrated by means of measuring nozzles of
known characteristics.
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3 3.6.2 Blowing Equipment

A single 1 1/2 HP constant speed centrifugal blower
[ rated at 200 cfm at 3 in. H,0 pressure rise was used. A

i throttling valve served to vary the air flow. A pitot static
tube in a 3 1/2 in. diameter straight length of pipe was used
to measure the flow rate; the velocity profile in the pipe

3 with various flow rates was measured by traversing the pitot
. static tube, from which the mean value of arisl velocity at
each rate was computed and the flow rate calculated. After-

| wards a single reading of velocity under test conditions gave
the flow rate from the calibrated data.

vy o B oo o sen oog e
,T'v'v.._ F. i L

3.6.3 Pressure Measuring Equipment

T 'y
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e —— e

- "' : As described in Section 3.1, three probe rakes

® (Fig. %) were permanently installed in the nozzle of the two-
- ! ] dimensional test stand so that the probes measured static

i‘ pressure and total head 3/4 in. upstream of the two-dimensional

diffuser inlet plane. Since the probes are located in a
region of constant cross section, the values obtained are con-
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sidered to be the same as im the inlet plane. Each of the

seven outlet rakes (Fig. 4) consisted of one static and five
total head probes soldered om & vertical 1/4 in. diameter brass
tube, that could be clamped to the top and bottom parallel walls.
in any position. All the probes were made of /1o im. dismeter
brass tubing. The total head probe openings were rounded inter-
nally so that the pressure measurements would be accurate

within less than 1 percent up to 20% flow misalignment from
either side (Ref. 35).

Inlet and outlet rake probes were connecied to a mul-
tiple tube manoweter by 1/16 in. diameter plastic tubes approx-
imately 15 ft. long. This was not sufficient to provide com-
plete damping of pressure fluctuations in the outlet readings.
However the average calculated for a representative case, with
the readings at a mean position and at both extreme positions
showed agreement in the calculated diffuser efficiency within
+ 1.5 percent; this was considered within the range of experi-
mental error. The diffuser wall pressure pickups were connec-
ted to the same multiple manometer. The boundary layer probe
(Section 3.1) was not installed until later in the test series.

Each of the axisymmetrical models had a throat rake
(diffuser inlet) and an outlet rake, spanning a diaweter of
the model.

In model 1 the existing throat rakes were used
(Ref. 1). They had 8 total head probes and 8 static pickups
2 inches downstream. Because of a variation of static pres-
sure axially (Fig. 20) the static pressure in the wall at the
level of the total head probes was used instead, to .obtain the
local dynamic pressur..s and velocities. A series of wall
static pressures in the axial direction was installed in
addition to the existing inlet static pickups. An extension
of this line of pressure pickups along the diffuser wall per-
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mitted measuring the axial pressure distribution from inlet te
outlet of Model 1.

Four rakes removed from the outlet of the two dimen-
sional diffuser and comnected end to end spanned one diameter
of the diffuser outlet. A boundary layer rake of five hypoder-
mic tubing probes suitably flattened and ground was installed
with the pressures measured 2 inches upstream from the diffuser
inlet plane. ’

All of tbe pressure pickups were connected by 1/16 im.
diameter plastic tubing to two multiple tube manometers (total
80 tubes); the tubing was approximately 25 feet long and pro-
vided adequate damping of pressure oscillations; thus the
reac.ings can be considered as the time averages of the individ-
ual pressures. ) °

ﬁ
y
4
4
-

Similarly, Model 2 had a throat rake made in two parts . —a
consisting of 10 total head and two static pressures probes, R ‘
and an outlet rake consisting of 16 total head and % static b '-:.7-‘
probes (Fig. llc). . ; Y

No wall pressures were measured on Model 2. In each >
run, the manometer boards were photographed with a Polaroid
camera. Thus all readings were taken simultaneously. S

3.6.4 Flow Visualization

Tufts were used extensively on the surfaces under
observation, as well as a tufted wand held by hand used to
explore the flow in the diffusers visually.

In addition some use was‘made of smoke in a few
cases but the usefulness of this method i:c restricted to areas
where the flow is not turbulent (such as Model 1 and 2 duct |
inlets) or where the velocities can be reduced (in some two- '
dimensional diffuser tests).
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A better method which has wnrked quite well consists
in aixing & small quantity of a fluorescent dye to a light
weight oil and dissolving it as needed in various parts of
varsel or querozene. This mixture is brushed on the surfaces
to be observed under test. When exposed to ultraviolet light
a pattern of bluish streaks shows the flow bebavior in the
boundary layer quite effectively (Ref. 34).

These various methods were used separately or togethex
to obtain a better physical understanding of the flow in various
configurations.

3.6.5 Thrust Measurements

Total thrust was measured on Model 1 and Model 2 by
means of three rectangular beam flexures mounted 120° apart and
instrumented with SR-4 strain gages on top and bottom of the
beams. All three top strain gages were connected in series;
the three bottom strain gages were similarly series connected.
Each set miade up one arm of a Wheatstone Bridge consisting of a
Baldwin SR-4 box with meter. The flexures were caliorated by
suspending known weights from the motor shafts.

The equipment described in this chapter with the
exception of the motors and manometers was designed and built
i{in the MIT Aercelastic and Structures Research Laboratory.
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CHAPTER IV

TEST RESULTS AND DISCUSSION

4.1 General Remarks

It was realized from the start of this investigatiom,
that the data available on. diffusers from the literature would
be of limited usefulness since for large expansion ratios, the
usual length of two-dimensional diffusers 1s of the order of 8
to 20 times the inlet width; almost all the data on three dimen-
sional diffusers involved conical diffusers only, with maximum
included angles of 20 to 30°, the exceptions being found in
Ref. 12 (curved walls) and Ref. 27 (50° conical diffuser, but

Ag = 2). Furthermore it is known that the pressure losses inm O

diffusers are very much dependent upon the nature and thickness

of the inlet boundary layer (Ref. 19,23,24,30). The geometrical b

parameters which affect the diffuser performance are area ratio,
included angle, (or length/inlet width), and wall shape. WNot
all the parameters could be varied in all possible combinatious
because of the time that would have required. The length was
chosen as l7/1,4 = 4 in the two dimensional case, and as 1.5
times the fan diameter in Models 1 and 2 (which corresponds to
0.53 D, for Diffusers I and II and to 0.80 D, for Diffuser III).

The amount of turbulence in the flow at the inlet
affects the diffuser performance. It was therefore necessary to
study the diffusers under inlet flow conditions quite different
from those usually found in the literature i.e., smooth flow and
thin laminar boundary layer. 1In this two dimensional investi-
gation the inlet flow was kept turbulent though steady and the
inlet boundary layer turbulent and approximately 0.050 in. thick. ‘
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The two-dimensional test series was intended to evalu~ e
ate the feasibility of the extreme diffusers that were desirable ]
from a practical point of view. The three-dimensional studies IO
were then initiated and the diffusers designed on the basis of o
the information acquired in the earlier two-dimensicnal tests.

The fIow downstream of the fans in Models 1 and 2 could not be

controlled except by the use of screens which would have intro-

duced pressure drops considered excessive (Ref. 25); the effect

of the rotor tip vortices on the boundary layer is unknown. ®

4.2 Two Dimensional Diffuser Tests

_ Recent work on plane two dimensional diffusers has :
. E i : ‘ shown that there exist four distinct flow regimes: (1) fully . - 1
@ | stable unseparated flow, (2) transitory stall with oscillating 8
b flow, (3) fully developed st=1l1 on one expanding wall: (4) SN
3 g : | fully developed stall an both expanding walls (jet flow) (Ref. SRR
2 ‘ 11, 21, 22). 1In the present investigation all four flow .
: ¢ regimes were encountered at different times with the various 4
E' ! i diffuser configurations. Regimes 3 and 4 were most prevalent i

without flow control. L

= The inlet velocity proliles for all configuratioms ;_‘:.
1 tested were consistently similar; representative profiles are - _
E presented in Pig. 15. It will be noticed that the profiles L 4
: bave a shallow dip near the center and higher velocities nearer s SOy

i to the walls. The velocity distribution approximates more f
closely the effect of a fan hub than would a completely uni- . A

: ; form velocity. Only the distribution in the horizontal plane :
of symmetry is shown since the velocity profiles at the two . o
other locations are within + 2.5 percent of the ones shown. As :
could be expected, the mean velocity (and mass flow) increased ' St
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L . for diffuser configurations having more flow control and smaller

& losses. Representative values of the loss factor and the effi-
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ciencies are presented in Table &.

The effect of inlet Reynolds Number on the diffuser
loss factor was not the same with different configurations
(Fig. 13). The gemeral trend is towards lower K for higher
Reynolds Number within the range of the tests. This does not
wmean that this trend would necessarfly extend further. For
instance in the case of the A2 diffuser with wedge Wl and
suction there is a winimum K about Re; = 275000, and higher K's
at lower and higher Reynolds Numbers.

Further tests at higher inlet Reynoldec Numbers were
not carried out with the available test installa._ion; the inlet
flow would decrease when attempting to reduce the inlet ares to
obtain higher velocities, due to stalling of the blower working
against an excessive pressure rise. ’

Representative inlet boundary layer profiles are
shown in Fig. 12b. The effect of suction 2 3/4 in. downstream
from the probe position is to steepen the boundary layer
gradient near the wall. Otherwise the profiles are not parti-
cularly affected by configuration changes. .

piffusers A2 and A3

The patterns of flow were similar with both of these
diffusers. The inlet mean velocity ;E varied from 77 to 170
ft./sec. (Re; from 1.65 x 10° to 3.6 x 105). For any configura-
tions, V, did not affect the flow pattern, but only the loss
factor K.

with the bare diffuser, and smooth walls, the flow
attached entirely to one wall (either one, in different runs)
(Fig. 16), and occasionally would shift suddenly to the other
wall (in the case of A2). Flow was highly turbulent. With
increasing suction, the flow would attach perwanently to both
valls (@5/Q = 0.0% for A2 and 0.096 for A3) up to approximately
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3 inches from the ocutlet wbers it would separate completely.

With the addition of s center plate, flow regime &
was encountered: separation from both walls symmetrically to
the center plate. With suction on both walls, the flow remained
attached to about 3 inches from the outlet where it would again
separate from the walls (Q;/q as before). The use of more
suction than necessary for stable flow (Qs/n « 0.05 for A2
and = 0.10 for A3) caused separation along the center plate.
The addition of two short straight vanes between the center
plate and the walls would improve the performance and notably
decrease the turbulence in the diffuser. With vanes and no
suction, separation would pccur approximately 4 inches further
downstream than without vanes. Slightly less suction (R¢/Q =
0.037 for A2) was required for attachment to the wall (down-
stream stall in the same location as before).

The effect of a wedge center body (W1 in diffuser A2,
W1, W2 and W3 in diffuser A3) without and with suction was
similar to that of the center plate with vanes (Figs. 17a, b).
It was possible to detach the flow halfway down the center body
by increasing suction beyond approximately Q;/a = 0.055 (A2)
end @/@ = 0.12 (A3) at Re; = 1.6 x 10°.

At higher Rel values, there was a decrease in suction
flow ratio to achieve the same degree of attachment: for
instance Diffuser A3 with W2 at Re; = 2.5 x 105. t?Jyéz = 0.093
but at Re; = 3.4 x 10°, Q/R = 0.07.

This follows substantially the trend in the data shown
in Fig. 13, since less flow losses in the diffuser require less
suction for correction. It is worth mentioning that in all of
the tests with suction, after the flow attachment was achieved,
the suction flow could be reduced to less than half its initial
value before the primary stall would occur again. Over this
range of suction the flow was stable. This effect was observed
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consistently throughout the present program. \\. :

, In the configuration using suction alone, center plate,
vanes and suction, or wedge centerbody and suction, a backflow
region occurred on either the top or the bottom plate as well as ®
in the corners of the expanding walls. As the suction was
increased beyond the values already mentioned, this backflow
region would move upstream and increase in thickness (Fig. 16).

Representative velocity maps at the outlet of
Diffusers AZ and A3 are shown in Figs. 15a,. b, ¢ and d, without ®
and with flow control.

Diffuser C3 - Ck

The bare diffusers with smooth walls had flow fully
attached to either wall (regime 3); it was steady although tur-
bulent. There were no oscillations between the walls. The
diffuser loss factor was high (low efficiency). The use of
suction areas straddling the stall boundary of each wall did not
achieve attachment to both walls simultaneously. By increasing »
suction on one wall, the flow could be made to junp to the i
opposite wall. But increasing the suction on both walls did not
change thte flow regime. It was observed in this case (with smoke
and tufts) that the back flow was sucked back slightly upstream
and into the suction manifold of tbe stalled wall. As this »
seemed to indicate that the location of the suction was too far
downstream, a second suction area was located 3/4 in. further
upstream on the walls of C3 and C#. But thz flow would still
not attach to both walls up & Glﬂégs 0.15 which was the maxi-
mum available. »

With the introduction of a center plate, the flow
seperated frcom both walls and remained in the center of the
diffuser. (Regime 4). Attachment on the walls was obtained
with Qg/q = 0.058 for C3, R/ = 0.12 for C4. At the same
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time extensive back flow occurred on top or bottom plates which
grew worse with increasing suction. A cluster of four curved
vames was added to the center nlate (Fig. 5b). The flow
attached to the walls completely in the case of €3 but only
over & short distaonce for Ch. At the same time a wide zome of
back flow occurred on poth sides of the center plate near the
outlet. The additicn of a2 chort wedge (center body CBI) in the
center improved this condition. A wider short center body CBIL
did not improve the flow furtner but slightly decreased the
efficiency. The thick wedzes of backflow on the top and/or
bottom places remained. The addition of suction did not affect
appreciably the flow regime. This is understandatle since the
vanes nearest to the walls had the effect of preventing separa-
tion, even without suction.

With wedges W2 or W3 and with suction the flow could
be attached to both walls and to the center body. (Glnla:-
J.075 for €3,20.103 for C4). However a thick back flow regiom
occurred on the top plate, which occupied almost 1/3 of the
outlet area. This condition became worse with increasing
suction. Typical flow patterns for Diffuser C3 are shown in
Fig. 1lob.

From figure 15 and the previous discussion, it is
obvious that the flow regimes in all the diffusers tested were
always three-dimensional and turbulent. But with some form of
flow control considerable improvement in performance was pos-
sible. Tke values of the head loss factor K were adversely
affected by the backflow regions on the top and bottom plates
and in the corners. Thus it was reasonable to expect that a
three dimensional axisymmetric diffuser of similar configura-
tion with flow control at all azimuths could avoid some of
these losses and have comparatively lower K's. It can also be
deduced that for the very large expansions, localized suction is
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not sufficient to prevent separstion. A combimatiom of center
body and suction seems to give the best overall results. The
amount of suction should be adequate to establish and maintain
attachment, but not more than necessary, as this tends to
create zones of backflow &t other locations which are detrimerp-
tal. Suction applied to all four walls of a two-dimensional
diffuser would possibly be able to eliminate or reduce the
thick boundary layer growths occurring on the parallel walls.

4.3 Three Dimensional Diffuser Model 1

Several runs were made with each configuratiom by
varying the blade pitch settings and fan speed (5500 and 6500
rpm) (AR= 432 and 520 ft./sec.) Diffuser {nlet Reynolds
Numbers (based on the duct diameter) varied from 1.9 x 10° to
9.2 x 10°. '

The diffuser was tested initially with the suction
area sealed with smootb plastic tape. With the twisted blades
(set C), at®, from -4° to 16°, the flow was in the form of a
jet in the center of the diffuser, with no attachment whetso-
ever. {Pattern A Fig. 19.; Performance was poor and appreci-
able oscillations occurred: the thrust measurements varied
over a range of the same order of magnitude as the average
readings.

With untwisted blades (set A) however, at pitch
settings Gp = 10° to 30°, the flow attached spontaneously to
the walls leaving a central core with backflow {pattern B Fig.
19.)

This same flow pattern B was e;:countered with blade
set C at Op= 16°, when the suction area was uncovered even as
little as 1 inch, but not at lower pitch settings.

With suction applied over the whole suction area
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(& /2 = 0.08) or over the last inch only (semeQs /), the
results were the same as described above for the differeut
blades and pitch settings. The centg¢r body was then installed
(A; = 6) and faired smootbly into the motor housing, (Fig. 6).
With blade set A {untwisted) at @p.= 10 to 40° sad with ar
without suction (suction area uncovered) flow pattern D in Fig.
19 was encountered consistently, which would tend to indicate
that this center body still allowed the flow to expand too
rapidly. With blade set C &p= 6° and 16° (&, = 30° and 40°)
with suction, flow pattern D was observed (Fig. 19). @,/4 =
0.005).

All of the Model 1 tests displayed appreciable vibra-
tion of the diffuser and consequently of the whole installation.

In an effort to measure the thrust and oscillatory
amplitudes accurately, the SR-4 Box in the flexure strain gage
circuit was replaced by a Sanborii 2 chamnel Recorder and the
output recorded graphically. The frequency of oscillation due
to the flow turbulence was found to be very close to the natural
frequency of the system on its supports, measured with the fan
stopped. Thus, even though the flow was not violem:lj turbulent
the oscillations were of sufficient amplitude to make for poor
accuracy in the thrust readings, (approximately + 10 percent).
Representative static pressure distributions along the wall
are given in Fig. 21. Tbey show that even with partially satis-
factory diffuser operation, there exists an increase in flow
velocity and reduced pressures over the duct inlet. Typical
throat (diffuser inlet) and diffuser outlet velocity profiles
are shown in Figs 22 and 23, and typical boundary layer veloc-
ity profiles down:tream of the rotor tips are.shown in Fig. 24.

The slipstream rotation was not measured, however
none was apparent by visual study of tufts at the diffuser out-
let, which would tend to indicate that the flow rotation practi-
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cally disappeared between the fan and the diffuser exit.
Whether this is due to recovery of the kinetic energy associ-
ated with the radial component of the velocity vector of the
flow behind the fan, or whether this was dissipated as frictiom
drag bas not been established.

4.4 Three Dimensional Diffusers Model 2

The size of the Model 2 installation made it much
more convenient and flexible for the study of vzrious changes
suggested by the early results of Model 1 tests. Reynolds
Numbers based on the duct diameter at the diifiser inlet were
from 2.45 x 10° to 4.75 x 10°. Tests were made at blade tip
pitch settings of 15° to 45° and at two rotational speeds,
7000 and 11000 RPM (s2R = 183 and 288 ft./sec.). The first
diffuser tried (Diffuser I, Fig. 11) had exactly the same
geometry as the Model 1 Diffuser already discussed, but to the
scale of 1/3. 1In both cases the initial curvature was of the
same type as that used in the two dimensional diffusers A2 and
A3, followed by a straight cone to avoid the secondary stall
near the outlet of the fully curved diffuser. The area ratio
could be changed by the addition of two centerbodies.

Initially the gap (1/32 in.) between the diffuser and
the main duct ring was not sealed along the inside wall, al-
though there was a viscous fluid seal between the outside and
inside of the duct, preventing the injection of outside air
into the main stream. With the unsealed edges in the wall
surface, the flow was attached to the diffuser wall to the out-
let, with a central backflow core (Pattern B Fig. 19). When
this gap was sealed smooth, the flow would still remain
attached to the wall over a short range only, then separate.
With tbhe addition of either center body 1 or center body 2, the
flow would be as in-(C) Fig. 19 i.e. separated from the dif-
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fuser wall and attached to the center body.

Diffusex Il bad & more pronounced convex curvature of

the same type as before, followed by a gradual concave shape in .

order to straighten out the flow at the exit and recover as
much as possible of the pressure difference axtzXly.

With Diffuser -II installed and no flow control, there
would be no attachment to the walls (Patterm E Fig. 19). with
diffuser II and center body 3 or 4 in place, the flow followed
Pattern G (Fig. 19), the extent of the localized separatiom
bubble varying somewhat with speed and blade setting; this
would indicate that some revision of the wall shape could avoid -
this local separation and reattachment. '

A blowing ring and slot were then introduced beqweeé .
the main duct ring and the diffuser. The slot was orig{nally
0.050 in. wide, later increased to 0.100 in., and was located
8o a8 to blow the injected air tangentially to the duct wall in
the downstream direction. Varying amounts of blowing quantity
vere used; in all cases, the effect of the blowing was to change
the flow patterns in the diffusers with or without centerbodies
from A to B, from C to D, from E to P and from G to H (Fig. 19),
that is, complete attac* ent along the diffuser walls and a core

of back flow air or some degree of separation on the centerbodies.

A cluster of six circular vanes of .025 aluminum alloy
sheet designed to fit into Diffuser II distributed the flow over
the whole diffuser, but was not tested further.

Diffuser III was designed tu meintain the Gibson
curvature to the exit with area ratio of 4. The length was
kept equal to that of the other diffusers. Without flow control,
at any fan speed, the flow separated. Pattern A (Fig. 19).

Diffusers II and III were then modified for suction.
In both cases, suction was located at two points: the upstream
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suction area straddling the stall boundaries visually ocbserved;
the downstream suction area for Diffuser II at the locatiom
where the separation bubble was observed (Pattern G, Fig. 19),
and for Diffuser II1 halfway between the first position and the
outlet (3 1/2 inches from the outlet plane).

Relatively Ifttle suction was required to attach the
flow completely In Diffuser III. Either suction location was
satisfactory, but the upstream location required less suctiom
for the same results (Q/ye.008for upstream suction; s . /& for
downstream suction). A zone of backflow existed in the center
of the diffuser.

Diffuser II with center body 3 required relatively
little suction for attachment, provided suction was applied at
both points simultaneously. The flow was attached everywhere,
walls and centerbody, and was very steady. This was the best
axisymmetrical configuration tested.

The effect of chamging from a circular inlec having a
17dius equal to sixteen percent of the duct diameter to un
elliptical inlet having the same length and width was not signi-
ficant. Of the two blade pitch distributions tested (D and E),
(Fig. 10b) the former showed somewhat more uniform inflow
distribution, and socmewhat better results with the various
diffusers.

Some representative diffuser inlet and outlet velocity

profiles are presented in Figures 24 and 25; values of K for
several axisymmetrical configurations are shown in Figure 26.

Table 5 demonstrates some typical values of X and
efficiency measured in the axisymmetric diffusers.

Referring to Figures 14 and 26, it should be pointed
out that the sloping solid line represents & = 1 and that any
point to the right of and below this line represents values of

34

B e R e et — — - ——

..
-
et
- o
“

~

.
)




7Y

A W e e et gy — (e oy o =y
S T e i ST Hea i 4 T
: f

F o] "
‘ B ] T P e ¥ T TR ST 2 A R S TR R ¥ 3 < ] POTITS YR oy

B S ———

A R

-—
— eibiatio Wl . 5
v .
|
[}
|
{
I
[ J
S L P P RO Y (O e I DV WA e |

bigher than unity; therefore any configuratiom to the right e O
of & = 1 is theoretically capable of improving the T/ ratio SN
of a ducted fan; the further the point from that lime the e
greater the improvement.
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Figure 26 ghows a plot of representative best axisym—

3 metric diffuser configurations compared with a couple of the

worst ones, superimposed on the data from Fig. 2. The plotted

values of X are corrected according to equations (2.13) and

(2.20). It can be seen that the best values occur in the ’ ..
i vicinity of Ag = 6 with an Augmentation Factor of 1.6, i.e:

\ ) 60 percent increase in T/_. The values obtained at AR = 4 are

very close to each otber and the differences are not too sig-

nificant since they undoubtedly include some experimental error.

The values at Ay = 8.71 are not necessarily the best that can
i be achieved.
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Figure 27 shows a plot of Augmentation Factor effec-

tiveness, that 1s, the ratio of the expected to the ideal
' value (for K = 0). The trend is decreasing towards bigher ’ L4 {
! { AR's; however it also tends to diverge from the curvegy = 1.0 K :}
at those higher area ratios with adequate flow control; there- ','.'. ::- i -‘_J:::.' 4
; fore it 1is possible that higher area ratio diffusers may yield . ::; o 1
§ even better values of ° even though they are obtained at - iq
4
{
f
{
‘
]

! higher values of K. . ) L

’ ; Accuracy of the Results

The values of qu* obtained with turbulence are in
general optimistic anywhere up to 10 percent because of mea- ) °
suring the squares of the velocity fluctuations. This applies
wainly to the lower efficiencies.

wng g e o 3
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. .
; Yty oy

This would tend to make the lower values of and RS
the higher K's optimistic. With the better flow configurations
- however, the turbulence is considerably reduced and the error ' e

e
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in q* also reduced. ALl the pressures were read within + 0.05
in. of alcohol, except for the boundary layer probe (1 0.05
millimeters of alcohol). Flow measurements (suction and blowing)
are considered accurate within 5 percent of their mean value.

When taking into account the inclination of the out- .
let probes to the local flow direction, and using the data of
Ref. 35, the calculated efficiencies are estimated to be within _
a range of 10 percent for the worse values and of 5 percent for i N J
the better values. : L d
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CONCLUSIONS AND RECOMMENDATIONS

e v wn,!npyny”'@ wm%p!

Rumerous tests were conducted on rapidly expanding
two-dimensional and axisymmetrical diffusers with area ratios
from 4.0 to 8.71. The axisymmetric diffusers had a ratio of
diffuser lengtb to inlet diameter of 1.5. The diffusers were
‘ I tested with and without centerbodies, vanes boundary layer
l = ! suction and blowing. |
|
[

]
]

L2

The results obtained to date in this investigation
lead to the following conclusions, valid for all the diffusers
tested,. except as otherwise specified,

Y R

£ £ QDT

Py SR

(1) Total heed losses for the best axisymmetrical con-
figurations tested were of the order of 15 percent of the dif-
! fuser inlet mean dynamic pressure. Such configurations would
] permit an augmentation factor of 1.6, i.e., a 60 Percent increase
|I ] ' i in the '.l‘Ip ratio. This corresponds to 67 percent of the ideal
IR
|

ey

—
PR

(no loss) augmentation factor for the same area ratios.

(2) Best results were obtatned for tbe larger arca ratios
i J (axisynunetrical)"wit:h a blowing slot located at the diffuser

inlet and witb air flow ratios of 9 to 15 percent of the main
flow.

- - ————

=
e

(3) The most signifivant parameter in determining diffuser
efficiencies with suitable flow control appears to be the area
ratio and not the expansion angle. Tests with a large expan-
sion angle diffuser and centerbody showed no significant dif-

q : ference from a diffuser with a smaller expansion angle and no
| k centerbody, at the same area ratio, although there existed in
P the latter case a small core of turbulent backflow.

T
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(¥} A core of turbulent backflow exister. in all- diffusers
tested withkout centerbody when flow attachment to the walls
was achieved. This core occupied am increasingly larger part
of the total diffuser volume as the area ratio increased.

(5) The shape of the diffuser walls does not appear to
have any significant influence on the results, with controlled
flow, for equal area ratios.

(6) Good axisymmetrical diffuser efficiencies were
obtained with suction applied at two locations, one just down-
stream of the diffuser inlet and one at approximately bhalf the
diffuser length. Optimum suction flow ratios for stable attach-
ment were of the order of 2.5 percent of the main air flow.
Visual examination of the flow and the exit velocity distribu-
tion indicated complete attachment, and it is therefore con-
cluded that suction over the whole wall area is not necessary.

(7) Limited tests with vanes showed generally lower
efficiencies than those obtained with the best configurations
tested. '

(8) The use of two dimensional mcdels as a guide to the
design of axisymmetric configurations has been found satis-
factory, and the efficiencies obtained for the axisymmetrical
cases are of the order of magnitude indicated by the two dimen-
sional diffuser tests, after correcting for corner and boundary
layer effects. ‘

Recommnendations for further investigation:

(1) These tests should be continued in order to determine
whether the theoretically predicted augmentation factors for
the experimentally determined diffuser efficiencies could be
realized in practice. This would require carefully designed
low solidity highly twisted fans matched to the desired
diffuser inlet conditions for some chosen diffuser configura-
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TABLE 1T R
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COORDINATES OF TWO-DIMENSICNAL DIFFUSERS - - T e
(i)

y(x) A2 A3 c3 ch

2.00 2.00 2.00 2.00 .
2.15 2.20 2.08 2.08

2.30 2.1 2.23 2.28

2.50 2.62 2.05 2.65 >
2.70 2.83  3.25  3.25 ' L
2.92 3.22 k.07 bo?
3.18 3.56 '5.05 5.35 . '
3.%0 3.§a 6.02 7.17 =
3.76 %.38 7.00 9.00

521 .92 7.98  10.82

5.48 5.55 8.95  12.63 .. .o
- 4.87 .25 9.91  13.92 S
5.80  7.05 10.75  14.75 RS
5.92 7.95 11.38 15.38 ]
6.50 9.1 1.1 15.71 |
7.18  10.45  11.92  15.92 _ :
8.00  12.00  12.00  16.00 SO
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TABLE 2

! ' COORDINATES .OF MODEL )
% . ( INCHES)

3 DIFFUSER CENTER BODY
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TABLE 3

COORDINATES OF MODEL 2 DIFFUSERS

'DYFFUSER °

r{ in) ' |
x( 1n) ! s

3.00 3.00 3:00 ;
& | 3.15 3.3 3.12 .

3 : 3.50 .05 3.30

A k.10 5.00 3.50 )
4 4.81 6.00 3.75

5.52 6.81 4.
6.22 7.45 4
- -6.95 7.92 3.7
7.63 8.23 5.19
.8.35 8.35 5

WoNwuow &#wNome=o

| CENTER BODY
r(in) ‘
! x( in) 1 2 3 s )

1.00 1.00 - 1.00 1.00 -
1.19 1.05 1.30 1.30
1.40 1.28 2.00 2,00
1.72 1.82 2.86 2.90
2.10 2.42 3.87 3.45
2.50 - 2.48 . 3.80
2.92 3.%0 5.29 4.00
3.38 3.93 5.73 45.12
3.78 .40 6.02 4.20 reg
4.18 4.82 6.15 4.20 SRR
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A1

.62 .60
.53

.18 .76
Ao

.76 .73
.51

73 .71
Ay

.60 .56
47

.38

.67 .62
41 '
.77 «73
39
.59 .55

|
1
b
l* TABLE A
18
E; COMPARISON OF BEST THQ-.DIMENSI.ONAL DIFFUSERS ﬁ.lzyl -4)
tv .
( Diffusexr Ay X Kooy %
5 A2 4 2.88 .37
’ + suction 4 1.55 1.48 .53
& ) center plate . 4 2.25 47
- " tsucelon b - 1.89 2.05 .65
wedge 1 3. 2.55 A1
" 4suction 3.5 1.4 1.28 .¢9
3 vanes 4 3.07 46
* ssuction 4 1.24 1.35 .o%
A3 ] 2.3 .30
+ suction o 2,21 2.8 .s3
center plate o 3.720 42
wedge 2 5.25 2.76 .32
+ suction £.25 1.70 1.719 588
wedge 3 5 2,91 .35
; + suction 5 1.53 1.62 .64
3 vanes 6 k.52 .39
+ suction 6 2.62 2.78 .52
951
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COMPARISON OF BEST AXISYMMETRIC DIFFUSERS CONFIGCURATIONS

TABLE 5

Diffuser I (For Reference) 8.71
8.1

Diffuser

Diffuser

+ Blowing

+ CBy + Blowing
+ CB,

+ CB, + Blowing

11 + Blowing
+ 083 .

+ cn3 + Blowing
+ 613 + Suction
+ CBy + Blowing

111

+ Suction

A

6.55
5.78
5.78

8.n
k.00
4.00
%.00
6.55

.00
.00

52

9.00
3.35
1.28
%.15

2.77

6.22
.75
1.83
.85

2.2
1.1%

Keorr. e
-S54

k7 .1
1.79 .69
7N

1.50 .72
3.5% .59
.60

191 .91
2.17 .54
2.25 .92
.70

1.24 .76

1Z° :zCOrr.
.58

.75 .69
.78 .72
.76

83 .
.65 59
.61

.93 .B%
.88 .“
.96 .77
.84

.82 .80
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FIG. 4 2 DIMENSIONAL DIFFUSER RAKES
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FIG. 7 MODEL 1 INSTALLATION
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