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ABSTRACT 

\ 

Means of reducing the size of a ducted fan for a 

given throat and exit area «ere investigated. Short diffuser» 

vitfa expansion ratios from k  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 localized 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- 

f users (length «1.3 inlet diameter)with expansion ratios of 

4 to 0 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 83 percent in 

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 area ratio, 

not the expansion angle, or geometry of the diffuser. Localized 

boundary layer suction with mass flow ratios of the order of 

2.3 percent is adequate, and suction over the whole wall area 

unnecessary. 

SatIsfatlory 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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CHAPTER I 

INTKODÜCTIOH 

1.1    Purpose of Investigation 

Considerable interest exists at present in Che use of 
ducted fans as a means of achieving vertical take-off and 
i.overing for various types of aircraft.     Several investigations 
have reported on the thrust obtainable and the horsepower 
required for such devices (Ref. 1,2,3*6,8,9)« 

It can be observed that Ideally the T/P ratio 
increases with decreasing fan disc  loading T/.   (Fig.   1).     If 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 und if fused fan of the same outlet 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  Is 

and the induced power 

T 
Defining the disc  loading for the diffusing fan as  Ws —• 
(which for a constant area duct reduces  to _i.   ), < 

- -      -   i^ 

^ •   •       ~ \ 

(1.2) 

^ 

T 
A- /* 

(1.3) 
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and the induced power loadings 

Eq. (I-1*) shows that the exit area is the only determining para- 

meter. Therefore the sis.« of tne fan itself depends only upon 

the possibility of controlling the flow expansion fro« the fan 

to the exit. 

In addition tne effect of the diffuser would be to 

slow down the airflow at the exit and therefore reduce the 

magnitude of ground erosion which la known to create problems 

for VTOL vehicles. 

1.2 Scope of Investigation 

It is generally well known fro« the work done on 

diffusers in the past (Kef. 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 cae  of 

two-dimensional and conical ditfusera by means of bouno try 

layer suction (Ref- 23,27,28,29,jj,32), by vanes (Ref. 19,21, 

22), screens (Ref. 23), suitably shaped center bodies (Ref. Id), 

as well as by vortex generators and flow injection (Ref. 10). 

All the cases studied in the previous references dealt 

with two-dimensional and axially symoecric (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 VTOL aircraft. The 

stringent 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 in 

I 
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the diffnsers, with a length of the order of the exit 
or l«a». 

The first phase of this  study dealt with two-diaen- 
sional diffusere of basic area ratios 4,6 and 8, with United 
boundary layer suction, vanes, and centerbodies.    In the second 
phase« the information gained in this study led to the fabri- 
cation and testing of axially symmetric  diffusers having area 
ratios of 4 and 8.71, with intermediate area ratios of 5.76, 
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 were 
made ahead of and at the exit of the diffusers, and an axial 
pressure survey was made on each two-dimensional diffuser as 
well sa the larger of the axisyuntetrical models (Model 1). 
Boundary layer profiles ahead of the diffusere were obtained 
for several cases. 

The tests reported herein are limited to an evalua- 
tion of diffuser efficiencies with large expansion angles.    Ho 
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 with the correct pitch and chord distribution for each 
configuration tested.    The rotor was consldere'l 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 Indicated that large area ratio short 
diffusers could be designed to operate at reasonable efficien- 

.     N 

'-■"*.     '■.'•*■■ 1 



cles with suitable flow control.    Ibe design of a rotor syste» 
capable of exploiting the advantages of such diffusion is « 
logical extension of the present work.     Preliminary estimates 
have indicated that considerable care oust be exercised in tbe 
design of such rotors if their full augmentation pocentlalities 
are to be realized. 

i 

i 

1.3   Plan of Report 

The predicted effect of diffuser area ratio 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. 

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

III. 

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

w 
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CHAPTER. II 

THEORETICAL CONSIDERATIONS 

2.1    Thrust/Power Augmeiitatlon 

It baa already been pointed out  In Chapter I that 
large expansion diffusers are known to have considerable 
pressure losses.    It remains to be seen,  how ouch diffuser 
losses affect the preceding analysis and what is the level of 
acceptable diffuser performance. 

In the ideal case» 

1 

- 

• . 
t '• -•^ .••* "". -    . •%•■    •■ •      .-•.,] v. ■ v -.• ■>.• * - -■  -■ V 
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' 

with a total head loss AH In tlie diffuser. 

From vhich: 

At the exit,  p^  - p^» - po therefore: 

The ideal induced power is 

(2.1) 

(2.2) 

(2.3) 

>? ^    JL rnvS     ~   A y  *v  *v 

and with losses: 

'   ** yf f* 
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Similarly: 

r* r     /^V   »V 
r% 

and: 
/ V   •> 

(2.5) 

The thrust power ratio including diffuser losses is related to 
the  ideal thrust/power ratio by 

7-     P* T/r 
where 

Then: 

(2.6) 

For a ducted fan,  from momentun theory. 

r=  zspz 

r~! 
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* * r -r   *x 
(i.3> 

where 
■rn 

' (at sea level) 

Substituting Eq.  (2.7)  into Eq.  (2.8) yields: 

(2.3) 

The Augmentation Factor 

(2.9) 

representing the thruct increase at constant power n. the power 
reduction at constant thrust achieved by diffusing a ducted fan 
of a given size is: 

Figure 2 shows a plot of this parameter for various 
total head losses  in function of diffuser area ratio.    The high- 
est curve K = 0 corresponds to the ideal case without losses. 

The relationship of the total head loss  factor K to 
the more usual diffuser efficiencies is established in the next 
section. 
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Eq. (2.10) and Fig. 2 show that to acblt 
Inprovemenr (af >• 1) the diffuser efficiency most be «ocb tbatt 

\ 

2.2   Diffuser Efficiency 

The efficiency of a diffuser haa been defined vari- 
ously In the literature, bot two of the more common forms will 
be related to K for ease of comparison with previous diffuser 

work. 

The first, generally referred to as "pressure effici- 
ency** is a measure of the actual recovery of static pressure in 
the diffuser in comparison with the pressure increase that 
vould be achieved under isentropic non-viscous flow conditions: 

(2.11) 

where ^P/f'f^j' **  i* the pressure recovery coefficient of the 
actual flow,'and 

(2.12) 

is the same coefficient in the ideal case without diffusion 

losses (Ref.  23). 

This is the efficiency most coranonly used in the 
early work on diffusers (Ref,   U,13,14,15,16,17).    But it can 
only be used for comparison between diffusers having the sane 
area ratio (Ref.  15,2o),   since that is sn important parameter 
of the expression. 

The second or "diffuser efficiency** is the ratio of 

8 
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static pressure Increase to the dscrease in ijnmmit f—— 
(kinetic energy) accomplished by the diffuser: 

> 
fr' - & (2.13) 
/. - /;- 

A more accurate form of tftls energy conversion effectiveness is 
also called diffuser efficiency: 

(2.1*) 

The additional precision gained by using Eq. (2.14) instead of 

Eq. (2.13) «as not considered to justify the additional labor 

and time involved when reducing the data on a sizable number of 

tests. 

Finally, in order to relate diffuser efficiency to the 

Augmentation Factor «f mentioned previously, an additional ef- 

ficiency is used i.e. the ratio of total bead loss to the exit 

dynamic pressure, since the thrust Is directly dependent upon 

the exit velocity squared (Eq. 1.1). 

(2.15.) 

(2.15b) 

The head loss factor K «ill be used primarily In this 

report as it is more meaningful in terms of ducted fan perfor- 

mance improvement, as developed in Section 2.1. However for 

the purpose of comparison with other diffusers and since other 

references on the subject make use of either one of the two 

:f. 
b '.• " .* 
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fonner effIciencie«, these axe also presented. 

The average static and dynamic pressures at stations 
3 and 4 were calculated from the measurements obtained at 
discrete points by weighting each reading by an increment of 
ares over which the pressure reading was considered reasonably 

Ibaas 

L f-"*,■  IK* 
(2 1o) 

(2 17) 

7    ^ 
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2.3 Effect of Suction and Blowlog on Efficiency 

If 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 in 
the correction; the actual pumping power required when known 
would be added to the rotor power. 

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

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

<1 <* q 
(2.18a) 
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«bere ^^ Is the local static pressure at the auction 
location     Per unit of main flow the net blowing work «lone Is: 

4 a 
(2.18b) 

where ^^ is the local total pressure at tbe blowing 
slot exit.    Then the corrected efficiencies become: 

y**** • /*«  ~ A 
p -// VA-^;|f 

(2-19) 

and: 

for tbe suction case.    For tbe blowing case ( P^'Aji ^6 *• 
replaced by i/>tm'/0) Qjf    in both equations (2.19)  and (2.20). 
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CHAPTER III 

EXPERIMENTAL APPARATUS 

3.1 .Two Dimensional Dlffuaer Test Stand 

This test stand was built around a 2207 AC three- 

phased 2 speed axial fan rated at 4000 cfm (maximum) (Figs. 3« 

and 3b). The inlet to the fan was made of a size 20.00 x 10 

truck tube tangent on its diameter t3 a short cylinder of .023 

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 dlffusers, by means of a crank and 

threaded rod. Downstream of the fan was a constant area 

settling chamber followed by a nozzle that changed fron 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 turbulence 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. These rekes 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 right wall of the nozzle and could be used to 

measure the boundary layer on the opposite (left) wall as well 

as the adjacent (right) wall. (Sight and left walls refer to 

an observer facing upstream) (Fig. 3c). This probe could mea- 

sure dynamic pressure as close as -Ckl3 inch from the wall sur- 

face. The local boundary layer dynamic pressures were read on 

a Frandtl manometer to an accuracy of + 0.05 mm of alcohol 

(specific gravity 0.62). 

A two inch wide 1/4 inch thick flange on all four 

vails of the nozzle exit was used to clamp the diffuser assembly 

in position. 

» 

I 

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 ivs positioned permanently and its downstream end supported 

on two steel angles extending from the stand table. The two 

interchangeable walls of the diffusers were nude 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 .123 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 symaetrically 

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 transparent material. 

13 
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'!bt:'\ jo:tnt. betwe4m mn:Zle ~ diffuer walle wu f!llec! wftfr 
Plas~ic~ne putty after assembly. 

The following diffuser• were made and tested: two 
wit~ ~XponP.ntial wall curvature following Gibsoo'e resulte 
(Ref. 12) with area ratios 4 s.nd 6J two with revrtrs~ curvature 
of area ratlmr o anti 8 and one wftfJ parallel wait• .Cor codlparf­
son purposes. The reversed curvature ~lle were intended to 
test extreme possibilit:f.es in cont:rollin& dla •. flow agaf.Dst .Uep · 
pressure gradients, while attemptin& to straighten out tbe flow 
axially at th~ diffuser outlet. They do not represent nec~s­
sarily the best sbape nor are they baaed upon any speeific theo­
retical development (which would of neceasity require arbitr­
ary assumptions at this time). 7be diffuser geometries will be 
found in Fig. Sa. 

One row of static pressure pickup 1n eacb diverging 
<t11all was located in the horiv.ontal plane of syumetry., The 
pickups were 1Ilade of 1/16" diameter brase tubing set flush in 
the walls and connected to a multiple tube manometer. Leakage 
of air between the divergent and the parallel walls was pre­
vented by pl~cing a single thickness of Scotch Drafting Tape 
between the flat surfaces of ·the wooden templates and ~he plexi­
glas surfaces. and tightening. the wing nuta 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 fle~ibility. 

. Suction areal were not added to the diverging walla 
unt~.l after the first aeries of tests bad p~rmitted obsn-vins 
the position of separation on those walls by various meane (see 
Section 3.6.4). Then they were removed and 5 rows of .120 
diameter holes with .190 pitch were drill..:!d·at-tbe chosen 
location. A fiberglass suction manifold was made and featened 
permanently to the out~ide of eacb wall, from which one or two 
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suction line« led to the weaantlng orifice» and the suctloa 

pumps. One center plete end three wedge center bodies were 

made (see Pig. 3b). In addition, a set of vanes was made for 

the A- - ö and B diffusers with the optional addition of two 

shorter center bodies near the diffuser outlet. (CBL and CELL 

rig. 5M 

5.3 Axisymmetrical Diffuser Test Stands 

3.3.1 Model 1, 18 In. Diameter Rotor 

The Task motor, rotor assembly and ducted fan ring 

described In Ref. 1 were used as the basic flow producing de- 

vice for the diffuser configurations described In Section 3*4. 

The water cooled induction motor rated at 9-2 HP at 

o^OO rpm was supplied with three-phased AC current from a 

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 horizontal (lagging) planes. (Fig. 8). Three sets of 

blades made of balsa wood shaped around an aluminum alloy spar 

were available originally: one uutapered untwisted set 

(called set A), one untapered set with 24° linear wash in 

(set B), and one untapered set with 24° linear wash out (set 

C).  The airfoil section was NACA 0012 for all blades. A 

structural failure was experienced with set B In one of the 

early tetts at high speed and tip pitch angle of 34°, Sets A 

and C wert' then reinforced by covering them entirely with 

strips of :lear "scotch tape" laid on chordwlse but set B was 

not replaced since Ref. 1 had shown that the difference in out- 

put from the different blade sets was small. 

The model was mounted inverted (to avrld ground inter* 

f erence) In a large room, and supported at 3 points by strain 

15 
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gag« instxasented flexures, to rigid upright» bolted to the test: 

bed. (Fig. «o. 8). 

3.3.2 Model 2, ^ In. Dlaaeter Rotor (Fig. 9, 10) 

A smaller model wa« made lit order to permit more 

rapid changes in configurations, as the smaller dfffuserw 

models were quicker and cheaper to make and modifications much 

easitr 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 lip radius as will be explained in Section 3.5. The 

rotor (solidity .145) was made of two shaped aluminum alloy 

rigid blades 2 in. long, with constant chord of .9 in, the 

shauks of which were turned and threaded into the hub. Two 

pitch distributions were tried but little difference was found. 

Since the primary purpose of this program was to determine 

diffuser efficiencies and since the blades gave reasonably 

uniform inflow distributions, no other twist distributions were 

tested.  (See Fig. 10b.) Fitch settings were held with e set 
screw. 

The tip clearances of the rotor varied from .015 In. 

at 20° to .007 in. at 40° tip angles. The rotor hub shaft 

rotated in two precis ion bearings and was driven from the 

spinner side through a flexible shaft by a 113 V 60 cycles AC 

Induction motor rated at 3A KP at 20,000 rpm. The model was 

mounted inverted to avoid ground effect interference on the 

flow. A Strobolux directed at the blades was observed from the 

control station by means 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 means of three 

.032 in. thick aluminum alloy struts fastened to the outside of 
the duct. 
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3.» Model 1 Dlffu«cr 

The diffuser (Fig*. 6 and 8) was made of two wooden 

rings, one at each end of a sheet metal cone with included 

angle 20 • 70°. The inner surface of the transition ring (up- 

stream) was shaped according to Gibson's equation for «iwlag 

diffusers (Ref. 12). It was undercut to make a circular 

suction chamber, and further downstream a blowing chamber into 

which were fastened the shaped suction and blowing manifolds 

respectively. The wall where suction was located was nude of 

perforated metal strip (35 percent porosity) which could be 

covered partially witb 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 

edge at its downstream end in line with the wall surface but 

leaving a gap of .013 in. When not in use, this gap was filled 

with plasticene, leaving a continuous wall surface. However, 

no blowing tests were carried out on this model, because dif- 

ficulties were encountered in obtaining sufficient blowing 

capacity.  Furthermore, the smaller model was by then com- 

pl. i;ed and the required information obtained readily. A coni- 

cal center body with curved transition could be mounted inside 

this diffuser to reduce the area ratio to 4 (Fig. 6). The dif- 

fuser was fastened to the main duct ring by wood screws. All 

the wiring and coolant lines were housed centrally in a 3 1/2 

diameter tube fastened to the motor housing, and taken out 

radially through two streamlined tubes at the diffuser outlet. 

These tubes also served as struts between the center body and 

the diffuser. 

3-5 Model 2 Diffusers 

Initially two diffusers were made of wood. Diffuser 
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I vas exactly 1/3 scale of -he Model 1 diffuser «iefiout the 

suction and blowing chambers (Fig. 11a).  Suction openings 

were cut into the walls later, after test» without suction had 

determined the area of flow separation from the walls. Blowing 

wa.i introduced by means of a ring manifold located between the 

mala duct ring and. Che diffuser with, the outlet tangent to the 

wall in the downstream direction. Diffuser 11 had a reversed 

curvature wall the upstream part of which had the Gibson expon- 

ential curvature already mentioned. 

Both diffusers I and 11 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 (0.33 outlet diameter).  Different center 

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

of area ratio. 

Finally, diffuser 111 was made with area ratio of 4 

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 

separation 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 3A 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) 3/8 in. 

wide, consisted of 3 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/% In. bras« tubing led tangent lallj from the pi 

chamber at diametrically opposed points, and were connected to 

the suction hoses. 

Subsequently & second suction area «as located further 

downstream «her*. yH^<^i»r>«i 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/lb la. apart. The 

plenum chamber and manifolds were made as before. This method 

proved quite satisfactory. 

Diffuser I had only one suction area while Diffuser 

III 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° included 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. 4 and 3 (diffuser 

area ratio 6.50 and 4.00 respectively) were used with diffuser 

II (Fig. lib). It can be seen that compared with the two 

dimensional diffusers, the same area ratio can be achieved in 

an axisynuetrical diffuser over a smaller length since the 

cross sectional area of the latter varies with r 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 

lip of the same overall thickness was also tested. 
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3.b   Aaxtltary Etpifpaeiit  . 

3.6.1 Suction Equipment 

Two conmerclal vacuum cleaner «otor-fan combinations 

were used ac pumps for all of the suction tests. Each had a 

1 VP 115 ▼ AC mo tor dtlsiug a fan with a rated succlon capacity 

of 80 cfa. through 1 1/4 in. diameter hose at 15 in. I^O. The 

pumps were controlled with Vartac rheostats. The actual suc- 

tion flow rate measured In each hose by a standard ASME or^flrs 

mounted in a 30" length of straight pipe near the pump (Ref. 

36). The pressure taps were connected to a 0-tube manometer. 

The orifices were calibrated by means of measuring nozzles of 

known characteristics. 

3.6.2 Blowing Equipment 

A single 1 1/2 HP constant speed centrifugal blower 

rated at 200 cfm at 3 in. HjO pressure rise was used. A 

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 

with various flow rates was measured by traversing the pitot 

static tube, from which the mean value of axial 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. 

3.6.3 Pressure Measuring Equipment 

As described in Section 3.1, three probe rakes 

(Fig. h)  were permanently Installed in the nozzle of the two- 

dimensional test stand so that the probes measured static 

pressure and total head 3A 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- 

v.-.w-v.-] 

•'',''•.'\''. 

.-- .•- .> .•• 

20 

• 

■•■V'.'-"."- ."- 

• 

-  .■'."!-■.•.• 



-^  

I 
I 

.*    "*        * - '    ■       ' '■ ' "t    '        . •  -      i ^f 

■ |  ■   ,   I . ■ ■ '       ■.-  ■ « T.  ..-»■,.»■   I.1.»r.   -  »   .  ■ •—* »■•'!»■    »■    I        f    ^t." 

^MttuMMMBMUMkiWhi t r   'lilnlr ' •- - 

ma 
f 

v 

[JinlMMlMifiB-r 

- _ I 

I ' 

FJ 

f • 

- 

. 

i 
; 
I 

sidered to be the sane m»  in ehe inlet plane. Each of the 

seven outlet rakes (Fig. 4) consisted of one static and five 

total bead probes soldered on a vertical 1/4 in. diameter brass 

tube, tbat could be clamped to the top and bottom parallel walla 

in any position. All the. probes were made o£ l/lt> fca. itimrtar 

brass tubing. The total head probe openings were rounded inter- 

nally so that the pressure measurements would be accurate 

within less than t percent up to 20° flow misalignment from 

either side (Ref. 35). 

Inlet and outlet rake probes were connected to a mul- 

tiple tube manometer by 1/16 in. diameter plastic tubes approx- 

imately 13 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 teat series. 

Each of the axisymmetrical models had a throat rake 

(diffuser inlet) and an outlet rake, spanning a diameter 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 Che 

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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nltted measuriog the 

outlet of Model I. 

axlAl pressure distribution from inlet tm 

Four rakes removed from the outlet of the two dimen- 

sional diffuser and connected 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 plan». 

All of the pressure pickups were connected by 1/16 in. 

diameter plastic tubing to two multiple tube manometers (total 

SO tubes); the tubing was approximately 23 feet long and pro- 

vided adequate damping of pressure oscillations; thus the 

readings can be considered as the time averages of the individ- 

ual pressures. 

Similarly, Model 2 had a throat rake made in two parts 

consisting of 10 total head and two static pressures probes, 

and an outlet rake consisting of 16 total head and k  static 

probes (Fig. lie). 

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. 

3.6.4 Flow Visualization 

Tufts were used extensively on the surfaces wider 

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 is 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 worked quite «KII consists 

in mixing a 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 behavior is the 

boundary layer quite effectively (Ref. 3*)- 

Tbese various methods were used separately or together 

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 SP-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 made up one arm of a Wheatstone Bridge consisting of a 

Baldwin SR-4 box with meter.  The flexures were callorated 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 

in the MIT AeroelasLic and Structures Research Laboratory. 
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CHAPTER IV 

TESt RESULTS AND DISCUSSlOW 

^.1 General Remarky 

It was realized from the start of this investigation, 

that the data available on dlffusers from the literature would 

be of limited usefulness since for large expansion ratios, the 

usual length of two-dimensional dlffusers is of the order of 8 

to 20 times the inlet width; almost all the data on three dimen- 

sional dlffusers involved conical dlffusers 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 

Aj. « 2).  Furthermore it is known that the pressure losses in 

dlffusers are very much dependent upon the nature and thickness 

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

parameters which affect the diffuser performance are area ratio. 

Included angle, (or length/inlet width), and wall shape. Not 

all the parameters could be varied in all possible combinatioos 

because of the time that would have required. The length was 

chosen as L/ly  » 4 in the two dimensional case, and as 1.3 

times the fan diameter in Models 1 and 2 (which corresponds to 

0.53 D4 for Dlffusers 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 dlffusers under inlet flow conditions quite different 

from those usually found in the literature i.e., smooth flow and 

thin laminar boundary layer.  In 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-dlmensixraal test series wss lntfnriad to 

ate the feasibility of the extreme diffusexs that were desirable 

fraa a practical point of vie«. Tbc three-diaensionsl studlee 

were then initiated and the diffuser« designed on the basis of 

trhe Inforoation acquired ia the earlier two-dimensional testa. 

The flaw 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. 23)} the effect 

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

4.2 Two Dimensional Diffuser Teats 

Recent work on plane two dimensional diffusexs has 

shown that there exist four distinct flow regimes: (1) fully 

stable unseparated flow, (2) transitory stall with oscillating 

flow, (3) fully developed stsll on one expanding wall: (4) 

fully developed stall on both expanding walls (jet flow) (Ref. 

11, 21, 22).  In the present Investigation all four flow 

regimes were encountered at different times with the various 

diffuser configurations. Regimes 3 and 4 were most prevalent 

without flow control. 

The inlet velocity profiles for all configurations 

tested were consistently similar; representative profiles are 

presented in Pig. 15. It will be noticed that the profiles 

have a shallow dip near toe center and higher velocities nearer 

to the walls. The velocity distribution approximates more 

closely tbe effect of a fan hub than would a completely uni- 

form velocity. Only the distribution in the horizontal plane 

of synmetry is shown since tbe velocity profiles at the two 

other locations are within ♦ 2.3 percent of the ones shown. As 

could be expected, the mean velocity (and mass flow) increased 

for diffuser configurations having more flow control and smaller 

losses. Representative values of tbe loss factor and the effi- 
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cicneie» ere presented in Table ♦- 

The effect of inlet Reynolds Number on the diffuser 

loss factor «as not the same with different configurations 

(Fig. 13). The general trend is towards lower K for higher 

Reynolds Number within the range of the tests. This does not 

mean that this trend would necessarily extend further. For 

instance in the case of the A2 diffuser with wedge Ul and 

suction there is a minimum K. about Re^ - 273000, and higher K*s 

at lower and higher Reynolds Numbers. 

Further tests at higher inlet Reynolds. Numbers were 

not carried out with the available test installa.: jn; 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. 

Diffusers A2 and A3 

The patterns of flow were similar with both of these 

diffusers. The inlet mean velocity jf varied from 77 to 170 

ft./sec. (Rej from 1.65 * 10^ to 3.6 x 10-*). For any configura- 

tions, ]fj  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 permanently to both 

walls {Qs/Q - 0.04 for A2 and 0.096 for A3) up to approximately 
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3 inches from the outlet, wber* It would separat« cocpletel jr- 

With the addition of a center plate, flow regime 4 

was encountered:  separation froa both walls synmetrically to 

the center plate. With suction on both walls, tbe flow remained 

attached to about 3 inches from the outlet where it would again 

separate from, tbe walls (<?*/4 as before}. Tbe use of more 

suction than necessary for stable flow {,&*fa    « 0.0b for A2 

and  r 0.10 for A3) caused separation along tbe center plate. 

Tbe addition of two short straight vanes between tbe center 

plate and the walls would improve tbe performance and notably 

decrease tbe turbulence in the diffuser. With vanes and no 

suction, separation would occur approximately 4 inches further 

downstream than without vanes. Slightly less suction \ßg/x(  ■ 
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 (Wl in diffuser kl, 

Wl, W2 and U3 in diffuser A3) without and with suction was 

similar to that of tbe center plate with vanes (Figs. 17a, b). 

It was possible to detach the flow halfway down the center body 

by increasing suction beyond approximately QtjQ. ■ 0.035 (A2) 
and Q/a   - 0.12 (A3) at Re1 -> 1.6 x 105. 

At higher Re. values, there was a decrease in suction 

flow ratio to achieve the same degree of attachment: for 

instance Diffuser A3 with W2 at Re1 > 2.5 x 10
5, Cts/a - 0-093 

but at Rej^ - 3.4 x 105, Qx/Q. -  0.07. 

This follows substantially the trend in the data shown 

in Fig. 13, since less flow losses in tbe diffuser require less 

suction for correction.  It is wctth mentioning that in all of 

the tests with suction, after tbe 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 progrs». 

In the configuration using suction alone, center plate, 

vanes and suction, or wedge centerbody and suction, a backtlow 

region occurred on either the top or the bottom plate as well as 

in the comers of the expanding walls. As tbe suction waa 

increased beyond the values already mentioned, this backflow 

region would move upstream and increase in thickness (Fig. 16). 

Representative velocity maps at tbe outlet of 

Diffusers A2 and A3 are shown in Figs, l^a, b, c and d, without 

and with flow control. 

Diffuser C3 - C» 

The bare diff users 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). Tbe 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 jump to the 

opposite wall.  But increasing the suction on both walls did not 

change the flow regln««.  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 

seemad to indicate that the location of the suction was too far 

downstream, a second suction area was located 3A in. further 

upstream on the walls of C3 and C4. But the flow would still 

not attach to both walls up t ^j/d'   0.15 which was the maxi- 

mum available. 

With the introduction of a center plate, the flow 

separated from both walls and remained in the center of the 

diffuser.  (Regime 4). Attachment on the walls was obtained 

with Gs/A '  0.058 for C3, ^x/d'  0.12 for C4. At the same 
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cine extensive back flow occurred on top or bottom plates which 
grew worse with increasing suction.    A cluster of four curved 
vanes was added to the center plate (Fig.  5b).    The flow 
attached to the walls completely in the case of C3 but only 
over a short distance for C*.    At the aaise time • wide zone of 
back flow occurred on ooth sides of the center plate near the 
outlet.    The additicn of a short wedge (center body CBl)  in the 
center improved this condition.    A wider short center body CBIX 
did not improve the flow furtner but slightly decreased the 
efficiency-    The thick wedges of backflow on the top and/or 
bottom places remained.     The addition of suction did not affect 
appreciably the flow regime.    This is understandable since the 
vanes nearest to the walls had the effect of preventing separa- 
tion,  even without suction. 

With wedges U2 or Vj and with suction the flow could 
be attached to both walla and to the center body.     (<2j/£i ■ 
D.J75 for C3,«0.103 for C4).    However a thick back flow regloa 
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.  Ibb. 

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.    The values of the head loss factor K were adversely 
affected by the backflow regions on the top and bottom plates 
and in the comers.    Thus  it was reasonable to expect that a 
three dimensional axisynimetric 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 sufflcienr to prevent separatior, A combination of 

body and suction seems to give the best overall results. The 

amouot of suction should be adequate to establish and maintain 

attachment, but not more than necessary, as this tends to 

create zones of backflow at other locations which are detrimev- 

tal. Suction applied to «11 four waits 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 configuration by 

varying the blade pitch settings and fan speed (3300 and 6300 

rpm) (-«^r ^32 and 320 ft./sec.) Diffuser inlet Reynolds 

Numbers (based on the duct diameter) varied from 1.9 x 10-' to 

9.2 x lo5. 

The diffuser was tested initially with the suction 

area sealed with smooth plastic tape. With the twisted blades 

(set C), at0r from -4° to 16°, the flow was in the form of a 

jet in the center of the diffuser, with no attachment whatso- 

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 &r m  10° to 30°, the flow attached spontaneously to 

the walls leaving a central core with backf low (pattern B Fig. 

19.) 

This same flow pattern B was encountered with blade 

set C at &r'  '■b0, 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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tQt/& - 0.0*) or over ttie la»t Inch only {ntmeQ^^), the 
results were the same as described above for the dlffereut 
blades and pitch settings.    The center body was then Installed 
(Ag * b) and faired smoothly into the aotor bousing, (Fig. 6). 
With blade set A (untwisted) at 6^* 10 to W* aad «itb or 
without suction (suction area uncovered) flow pattern D in Fig. 
19 was encountered consistently, which would tend to indiests 
that this center body still allowed the flow to expand too 
rapidly.    With blade set t ^r- 0° and 1*.° (^5,- 30° and 40°) 
with suction, flow pattern D was observed (Fig. 19).    föx/f * 
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 Sanbor.   2 channel 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 violently 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.    They 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 Fig*    22 and 23,  and typical boundary layer veloc- 
ity profiles downstream 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 Che velocity vector of the 

flow behind the fan, or whether this was dissipated as friction 

drag bas not been established. 

4.4 Three Dimensional Diffusers Model 2 

The sixe of the Model 2 installation made it much 

more convenient and flexible for the study of various changes 

suggested by the early results of Model 1 tests. Reynolds 

Numbers based on the duct diameter at the diff iser inlet were 

from 2.45 x 10? to 4.75 x 10^. Tests were maJe at blade tip 

pitcb settings of 15° to 45° and at two rotational speeds, 

7000 and 11000 RPM {A* - 183 and 288 ft./sec). The first 

diffuser tried (Diffuser 1, Fig. 11) had exactly the same 

geometry as the Model 1 Diffuser already discussed, but to the 

scale of 1/3.  In 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 the 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 «all and attached Co tbe center body. 

Diffuser 11 had m. more  pronounced convex curvature of 

the sane type as before, followed by a gradual concave shape In 

order to straighten out the flow at the exit and recover as 

much its possible of Che pressure difference axially. 

With Diffuser II installed and no flow control, there 

would be no attachment Co Che walls (Pattern 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 separation 

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 between 

tbe main duct ring and the diffuser. The slot was originally 

0.033 in. wide, later increased to 0.100 in., and was located 

so as to blow the injected air tangentially to the duct wall in 

the downstream direction. Varying amounts of blowing quantity 

were 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 F and from G to H (Fig. 19)» 

that is, complete attacv 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 .023 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 maintain the Gibson 

curvature to the exit with area ratio of h.    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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the downstream suction area for Diffuser II at the location 
where the separation bubble was observed (Pattern G, Fig. 19)» 
and for Diffuser III halfway between the first position and the 

outlet (3 1/2 Inches from the outlet plane). *.-.*■ 

Relatively little suction was required to attach r.he 
flow completely In Diffuser III. Either suction location was 
satisfactory, but the upstream location required less suctio» 
for the same results {<^*m.OfißfoT upstream suction;* . o/A  for |    m 

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, «nd was very steady. This was the best 
axisynraetrical configuration tested. 

The effect of changing from a circular inlet having a 
y' ill »i i •« liiii 

x dius equal to sixteen percent of the duct diameter to ^n »    • 
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 somewhat better results with the various 
diffusers. ^   • . 

Some representative diffuser inlet and outlet velocity       !v"\-'I-"'.•'•.'« 
profiles are presented in Figures 24 and 25; values of K for :"•■■>•"> V-vi"'. 
several axisynraetrical configurations are shown in Figure 26. 

Table 3 demonstrates some typical values of K and |    • 
efficiency measured in the axisymmetric diffusers. 

Referring to Figures 14 and 26, It should be pointed V .'"-•/ 
out that the sloping solid line represents f - 1 and that any 
point to the right of and below this line represents values of 
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higher than unity;   therefor* «ay configuration to the right 
of  ft' - 1 is  theoretically capable of improving the T/    ratio 
of a ducted fan; the further the point from that line the 
greater the improvement. 

Figure 26 ahaws a plot of representative heat «xisym- 
metric diffuser configurations compared with a couple of the 
worst ones,  superimposed on the data from Fig. 2.     The plotted 
values of K are corrected according to equations (2.19) and 
(2.2J).    It can be seen that the best values occur In the 
vicinity of AR - 6 with an Augmentation Factor      of 1.6,   l.e: 
60 percent increase in T/   •    The values obtained at AR « 4  are 
very close to each other and the differences are not too sig- 
nificant since they undoubtedly include some experimental error. 
The values at AR = 3.71 are not necessarily the best that can 
be achieved. 

Figure 27 shows a plot of Augmentation Factor effec- 
tiveness, that is,  the ratio of the expected      to the Ideal 
value (for K - J).    The trend is decreasing towards higher 
Aj.'s; however it also tends to diverge from the curved • 1.0 
at those higher area ratios    with adequate flow control;  there- 
fore it is possible that higher area ratio diffusers may yield 
even better values of      even though they are obtained at 
higher values of K. 

Accuracy of the Results 

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

This would tend to make the lower values of «    and 
the higher K's optimistic.    With the better flow configurations 
however,   the turbulence is considerably reduced and the error 
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in q^* also reduced.    All  the pressures were read within + O.Ofr 
in.  of alcohol, except for the boundary layer probe (+_ 0.05 
millimeters of alcohol).     Flow measurements (suction and blowing) 
are considered accurate within 3 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 
the better values. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIDNS 

Numerous tests were conducted on rapidly expanding 
two-dimensional and axisymmetrical diffusers with area ratio* 
from 4.0 to 0.71.    The axisymnetnc diffusers had a ratio of 
diffuser length to inlet diameter of 1.3.    The diffusers were 
tested with and without centerbodles, vanes boundary layer 
suction and bloving. 

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

(1) Total heed losses  for the best axisymoetrical 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 
in the T/    ratio.    This corresponds to 67 percent of the ideal 
(no loss) augmentation factor for  the same area ratios. 

(2) Best results were obtained for the larger arra ratios 
(axisymmetrical) with a blowing slot located at the diffuser 
inlet and with air flow ratios of 9 to 15 percent of the main 
flow. 

(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- 
ference from a diffuser with a smaller expansion angle and no 
centerbody, at the same area ratio, although there existed in 
the latter case a small core of turbulent backflow. 
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(M A. cor« of turbulent backflow existed In all diffuser« 

tested without centerbody when flow attachment to the walls 

was achieved. This core occupied an increasingly larger part 

of the total diffuser volume a« the area ratio increased. 

(M  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 axlsymnetrical diffuser efficiencies were 

obtained with suction applied at two locations, one just down- 

stream of the diffuser inlet and one at approximately half the 

diffuser length. Optimum suction flow ratios for stable attach- 

ment were of the order of 2.3 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 models 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. 

Recommendations for further investigation: 

(1)  These tests should be continued in order to determine 

whether the theoretically predicted aagmentation factors for 

the experimentally determined diffuser efficiencies could be 

realised 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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tion.    For sucb tests,  the torque (hence the net applied power) 
should be measured directly at the rotor shaft.    Separate 
thrust measurements on duct inlet,   fan and diffuser would aid 
in interpreting the test results. 

(2) Evaluate die effect of forced flow rotation on the 
diffuser efficiencies in order to provide attachment with a 
minimum of suction or blowing power. 

(3) Because of the success obtained to date with large 
expansions,   the diffuser tests should be continued with larger 
area ratios,  with and without centerbodies.     Such configurations 
would be of  interest in providing out-of-ground-effect_hovering 
capability for ground effect machines. 
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TABLE I 

COORDINATES OF TWO-D1MEMSICNAL DIFFUSERS 

Ci«.) 

.   yC»)         A2 A3 C3 Gft 

0 2.00 2.00 2.00 2.00 

1 2.15 2.20 2.08 2.08 

2 2.30 2.41 2.23 2.23 

3 2.50 2.62 2.bt> 2.65 

k 2.70 2.83 3.25 3.25 

5 2-92 3.22 4.07 4.07 

6 3.18 3.56 5.05 5.35 

7 3-46 3.90 6.02 7-17 

8 3.76 4.38 7.00 9.00 

9 4.21 4.92 7.98 10.82 

10 4.48 5.55 3.95 12.63 

11 4.87 6.25 9.91 13.92 

12 5.40 7.05 10.7p 14.75 

13 5.92 7.95 11.38 15.38 

It o.50 9.10 11.71 15.71 

15 7.18 10.45 11.92 15-92 

16 8.00 12.00 12.00 16.00 
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TABLE 2 

COORDINATES OF MCH)EL X 

(INCHES) 

M 

o 

2 

6 

3 

10 

12 

14 

lo 

13 

20 

22 

24 

27 

DIFFUSER CENTER BOOT 

9.00 1-75 

9.18 1.90 

9.72 2.48 

10.60 3-30 

11.72 4.12 

12.04 4.98 

14.42 5.85 

15-82 b-73 

STRAIGHT STRAIGHT 

25.00 12.50 
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TABLE 3 

COORDINATES OF MODEL 2 DIFFÜSERS 

DIFFUSER 

»(In) 
r(tn) 

x(in) 

n m 

0 3-00 3.00 3;00 
1 3.1f> 3.3o 3.12 
2 3-50 4.05 3.30 
3 4.10 5.00 3.50 
4 4.81 6.00 3.75 
5 5-52 6.81 4.05 
6 6.22 7.45 4.38 
7 6.95 7-92 4.72 
8 

9 
7.63 8.23 5.19 
8.35 8.35 5.70 

CENTER BODY 
r(ln) 

""^^ 
1 2 3 4 

0 L.00 1.00 1.00 1.00 
L.19 1.05 1.30 1.30 

2 L.40 1.28 2.00 2.00 
L.72 1.82 2.86 2.90 
1.10 2.42 3.87 3.45 
1.50 2.48 4.71 3.80 
-92 3.46 5.29 4.00 
.38 3.93 5.73 4.12 

8         I .78 4.40 6.02 4.20 
9 .18 4.82 6.15 4.20 
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TABLE 4 

COMPARISON OP BEST TWO-DIMENSIßKAI. T »IFFÜSEI 

com 

lS(L/i ■yi - 

Diffuser 
^l K 

ft 
A2 4 2.88 .37 .41 

+ suction k 1-55 1.43 .53 .62 

center plate k 2.25 .47 .53 

••    ^suction 4 I.89 2.05 .65 .78 

wedge 1 3.i) 2.55 .41 .46 

"    +suc_lon 3.5 1.14 1.28 .69 .76 

3 vanes 4 3.b7 .46 .51 

"    fsuctlon 4 1.24 1.35 .64 .73 

A3 6 2.30 - .36 .44 

+ suction 6 2.21 2.58 .53 .60 

center plate 6 3.70 .42 .47 

wedge 2 5.25 2.76 .324 .38 

+ suction 5.25 1.70 1-79 .588 .67 

wedge 3 ö 2.91 .35 .41 

+ suction 5 1.53 1.62 .64 .77 

3 vanes 6 4.52 .39 .39 

♦ suction 6 2.62 2.78 .52 .59 

faxm. 

.60 

.76 

.73 

.71 

.5o 

.62 

.73 
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TABU 3 

COMPARISOH OF BEST AXIS1W1ETRIC DIFFPSERS COWFICPRATIOWS 

»Corr.   7/»    7i» k OTT. 

Diffuser I (For Reference) 

N    ♦ Blowing 

"    4- CBj ♦ Blowing 

"    ♦ CB2 
N    ■(■ CB2 i- Blowing 

Diffuser II   + Blowing 

+ CB- 

N 

♦ CB? + Blowing 

♦ CB, ♦ Suction 

♦ CBjj ♦ Blowing 

Diffuser III 

" + Suction 

8.71 9.00 .5% .58 

8.71 3.35 4.47 .71 .75 -69 

6.55 1.28 179 -69 .78 .72 

5.78 *.15 .74 .76 

5.78 .89 1.50 .72 .83 .74 

8.71 2.77 3.5* -59 -65 -59 
4.00 6.22 .60 .61 

%.00 .74 1.91 -91 -93 .84 

4.00 1.83 2.17 .84 .88 .86 

6.55 .85 2.25 -92 -96 »77 

4.00 2.2 .70 .84 

4.00 1.14 1.24 .76 .82 .80 
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