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SlgmmaJ'j. 
Five-tube yawmeter traverses immediately up and downstream of the fan reveal the flow maldistributions 

due to forward speed. These are removed by a deep duct or an inlet cascade, which turn the air into the axial 
direction. Non-uniformity of the exit static pressure, however, does not affect the flow distribution. Since 
forward speed reduces the pressure rise required, stalling of the fan blades appears not to be a great danger 
except at very high forward speeds, or when a deflected exit cascade is fitted. 

1. Introduction. 

Preliminary N.P.L.  wind-tunnel  tests on wings with submerged lifting fans have been described 

in a number  of unpublished data reports by Gregory and Raymer 1' 2, a. Following this work, more 

detailed tests have been carried out on a new wing fitted with a more sophisticated fan unit. Some 

of the force data obtained have already been issued without  detailed comment  by way of example 

to Ref. 4: a fuller report  is in course of preparation 11. Th e  present paper gives a description of ' the 

detailed flow measurements carried out just  upstream and downstream of the fan and discusses 

the effect of forward speed on the flow distribution and on the overall fan performance.  Th e  

modifications of the inlet flow distribution obtained by fitting an inlet cascade or by installing the 

fan much  deeper in its duct (in a nacelle shaped fairing instead of a wing) are also described. 

2. Model Details and Experimental Arrangements. 

T h e  model consisted of a symmetrical 15% thick rectangular wing with both chord and basic 

span of 64 in., plus wing-tip fairings of semi-circular cross-section. Th e  aerofoil section was 

derived from NACA 0020 by adding a constant thickness region which extended over the chordwise 

length of the fan aperture. The  model was fitted with a 20% plain flap and provided with split 

flaps which could be attached externally at 30 ° and 60 ° deflections. A general arrangement of the 

model, which was built by Messrs. Boulton Paul Aircraft Ltd., is shown in Fig. 1. A large number  

of pressure-plotting holes were also fitted. 
The  fan had a diameter, d, of 13.16 in. with a hub/diameter  ratio of ½- and was fitted in the wing 

with its axis normal to the chord line at 0-354 chord from the leading edge along the centre-line 

Replaces N.P.L. Aero. Report No. 1018--A.R.C. 23 839. Published with tiae permission of the Director, 

National Physical Laboratory. 



of the model. The design of the fan is described in detail in the following section. The fan was 

located near the top of its duct, as is shown in Fig. 2, 2.6 in. or 20% duct diameter below the 
surface. The duct commenced with an inlet flare of lip radius 1.3 in. or 10)/o of the duct diameter. 

Except when the inlet cascade shown in Fig. 2a was in use, the fan hub was faired with a bluff boss 

with lip radius of 1 in., and the hub terminated immediately downstream of the stator-blade 
trailing-edge plane without any tail cone. 

The fan was driven by a direct-current electric motor buried in the wing, via a 3/8 in. diameter 
extension shaft and bevel reduction gearing in the hub. The shaft crossed the annulus midway 

between two of the stator blades, and this was found to seriously disturb the flow through the fan 
(Section 5). 

The fan hub boss and bottom plate were provided with fittings to locate rakes of three five-tube 
yawmeters which could be mounted either immediately upstream or downstream of the fan unit. 
The rakes could be rotated about the fan axis into any of 20 equally spaced positions by means of a 
hollow shaft which extended outside the tunnel and carried the pressure leads. The shaft was sup- 

ported on a bearing at the hub of a tripod which was screwed to the surface of the Wing. Means was 
provided for altering the radius of the probes, which were normally carried at 15, 50 and 85~  of the 

annulus width, and for adjusting the angular position of the probes in each sector, which was normally 
midway between each pair of stator blades. The probes were kept aligned parallel to the axis of 
the fan and were used in this position, having previously been calibrated over a range of + 30 ° 
by rotation of the probe arm about the appropriate axes when protruding through the wall into the 
working section of a i ft wind tunnel. The plane of the probe heads on the upstream side was 1.45 in. 
below the upper surface of the wing and 1.15 in. above the inlet guide vanes, and on the lower 
surface, 0.15 in. below the stator blades and 3.5 in. above the lower surface of the wing. Check 
traverses were also carried out with the probe heads in the plane of the lower surface of the wing. 
The traverses enabled estimations to be made of the mass flow through the fan and of the Work 
done on the efflux by the fan. Electrical power input and torque measurementswere not made. 

The tests were carried out with the model suspended from the roof balance, first in the N.P.L. 
Duplex Wind Tunnel (14 ft x 7 ft), and following the demise of the tunnel in 1959, also in the 

13 ft x 9 ft Wind Tunnel. The wing was the right way up with jet efflux directed towards the floor 
and the centre-line of the wing was 45.1 in. above the floor of the Duplex Wind Tunnel 
(0.54 x tunnel height) and 60 in. above the floor of the 13 ft x 9 ft Tunnel (0.55 x tunnel height). 
The plane of the duct exit in the lower surface was respectively 3.1 and 4-2 fan diameters above 

floor level in the two tunnels. Small differences therefore arose between the force measurements 
obtained in the two tunnels. These measurements are presented uncorrected for tunnel constraint, 
since appropriate corrections for models with lifting fans were not available. As pointed out by 
Wyatt a, the corrections differ from those for a conventional model, and are more numerous. 

3. Fan Design. 

The fan was designed and constructed by Messrs. Armstrong Siddeley Motors Ltd. and had 
20 inlet guide vanes with zero camber and outlet angles, a rotor with 21 blades and a stator with 
20 blades, both with circular-arc aerofoils. The Complete blading design is given in Table 1 which 
also gives the design performance specification. 

It appears 6 that with a fan tip speed/jet velocity ratio of 1.69, the fan design is typical of the type 
of fan that has been considered for installation in a wing as a lifting fan. However, the design 



stage adiabatic efficiency seems unduly low, and the blades (particularly the stator) are under- 
cambered by National Gas Turbine  Establishment standards. Whilst this might curtail the operating 
range of the fan for pressure rises above the design value, owing to premature stalling of the blading, 
the experiments show that under forward-speed conditions the axial velocity through the fan is 
increased. Conditions in which this criticism of the fan design might prove important are when the 
fan is coping with severe maldistribution of flow, and when the pressure rise required of the fan is 

increased by reason of an exit cascade fitted to deflect the efflux. 

4. Fan Performance at Zero Forward Speed. 

As the fan was rigidly attached to the wing, the overall force measurements taken are of little 

us e for assessing fan performance since, under forward-speed conditions, the measured lift increment 

on the wing due to operation of the fan is considerably affected by the interactions between the 

effiux and the mainstream resulting in substantial pressure changes over much of the wing. Also, 

both at forward speed and at rest, tunnel constraint seriously reduces the overall lift, due to the air 

entrained in the jet effiux creating suctions on the lower surface of the wing. This is clearly shown 

in Fig. 3 where the overall lift produced by the fan under static conditions has been plotted as a 

non-dimensional thrust coefficient C~(= L/½pA~(Trnd)2), which is nearly independent of fan 
rotational speed except for a slight reduction at the lowest speeds due to the increasing importance 

of viscous effects. The measured values of C T are roughly 25% below the design value of 0.706 ~. 
The values obtained in the 13 ft × 9 ft Wind Tunnel are slightly higher than those obtained in the 
Duplex Tunnel: this corresponds with the greater ground clearance in the 13 ft × 9 ft Tunnel. 
A big improvement in the Duplex Tunnel result was obtained by repeating the test with the floor 
boards removed. Although the joists, amounting to 28% of the floor area, remained' in position, 
the jet diameter had increased to about 3 ft at floor level and streamed past several joists, so that 
recirculation of the jet and entrained air as a wall jet around the walls of the working section had 
practically ceased. Hence elimination of the joists does not Seem likely to raise the thrust coefficient 
to its design value. 

The flow through the fan (as explained below) is believed to be within 2% of its design value, 
so the remaining thrust deficiency must be due tO suctions on the fan hub, the downstream end of 
which was cut off square without any streamline fairing. This conjecture was confirmed by adding 
a separately supported one-foot long cylindrical extension to the hub which thus protruded over 
eight inches be low the lower surface of the wing so that the flow pattern downstream of the 

extension would not affect the forces developed on the wing. The gap between the hub and the 
extension was thus vented to local static, presumably close to ambient since the annulus was now 
of constant area. The lift rose by 77% of the deficit between its tunnel value without the extension 

and the design value, and the remaining 23% is accounted for by tunnel constraint. Attaching the 

extension to the hub on the other hand only increased the lift by 15% of the deficit: skin friction 

on the extension was now an additional debit whilst weak hub suctions were probably still present. 
A better result was obtained when a 5.2 in. long tail-cone fairing was added either directly to the 
hub, or to the end of the extension. This delayed the flow separation to about 2 in. from its apex 
and with either arrangement the lift was increased by about 25% of the deficit (Fig. 3). 

Since in the absence of interference and diffusion effects the static value of the.lift is equal to  p./tFVF 2, the 
static value of the design fan thrust coefficient, CT, should be equal to 2(T/~/rrnd) ~. 
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The hub tail-cone fairing was not used in the bulk of the work. Only a slight advantage was lost, 

since check measurements showed that the 7% improvement in lift (25% of the deficit) due to the 

use of the hub fairing was maintained at forward speeds but was accompanied by a 2 ~  rise in drag 

increment due to the fan and also by an estimated rise in electrical power input also of about 2 ~ .  

The change in power occurred since fitting the tail cone introduced a slight controlled diffusion of 
the efftux and consequent change in mass flow, thus altering the operating point on the fan 
characteristic. 

A further complication in assessing fan performance and in correlating the force measurements 
with the flow traverses arose from the difficulty of estimating the mean flux through the fan from 

the limited number of readings taken. Although readings were taken at as many as 60 points, 
3 points on each of 20 radii, the inner and outer points were at 15°/o and 85% of the annulus width, 
thus failing to record the regions of low velocity due to hub and duct boundary layers. Furthermore, 
on the exit traverses, the radii were in the middle of each sector thus recording the maximum 

velocity in each sector and failing to observe the region of lower velocity and the boundary layers 
• on the stator blades. The nominal axial velocity deduced from the exit traverses thus appreciably 

exceeds the true flow, but the flow deduced from the inlet traverses where the velocities would 

not be expected to show any cyclic variation correlated with the downstream stator blading, and 
where the wall boundary layers would be thin (in the absence of appreciable separations) would be 

closer to the truth. The difficulty of assessing the true mean flow is perhaps emphasised by pointing 

out that the difference between the values calculated from the upstream and downstream traverses 

could be entirely accounted for, all other effects apart, by a change in boundary-layer displacement 

thickness on hub and duct walls of 0.1 in. thickness: in fact, boundary-layer growth probably 
accounts for about one quarter of the effect. 

An estimate of the total-head rise characteristics of an identical fan has been obtained by Jager v. 

The flow rate through the fan was varied by altering the back pressure either by fitting gauze 

screens in a duct downstream of the fan or by discharging the flow into a region of reduced static 

pressure in a wind tunnel. The fan sucked in from still air, and velocity traverses were carried out 

immediately downstream of the fan. Non-dimensional representations of the fan characteristic 

suitable for the present purposes have been calculated from the Boulton Paul data and are shown in 

Fig. 4. The estimated flow under design conditions, Vr:/~rnd, is equal to 0. 545 (less than the N.P.L. 

estimate of 0.582), and is less than the design figure of 0. 596, and inconsistent with the measured 

thrust. This again serves to illustrate the difficulty of accurate measurement of fan flow rates. 

5. Inlet and Exit Flow Distributions. 

The flow directions measured just upstream and downstream of the fan can be presented in two 
ways, both of which are of interest. The yawmeter cNibrations yield angles (0, ~o) relative to the 
traverse probe, where a positive value of ~ represents a swirl in the direction of fan rotation and is 
important in relation to fan-blade-performance calculations, whilst positive 0 represents an inflow 
towards the fan axis, and is of lesser importance. The flow direction can also be defined by the angles 
(a, ]3) measured from axes fixed in the model. Here positive ~ represents the deviation of the 
downward flow measured as a rotation from the vertical axis in the direction of the tail of the aircraft, 
and under forward-speed conditions is a measure of the inability of the influx to turn through 
90 ° from the horizontal direction into the direction of the fan axis. On the other hand, ]? represents 
the less important deviation of the flow in a spanwise direction (to port, as viewed from above). 



Traverses of the flow were undertaken just upstream and downstream of the fan with the plain 

circular inlet flare in position, the wing at zero incidence and fan rotational speed 41"7 rev/sec, 
at a number of forward speeds between zero and 50 ft/sec, and also with reduced fan rotational 

speeds at high forward speeds so as to obtain even larger values of the parameter V S V  F. At zero 

forward speed, and at very.high forward speeds (VT/VF>0"6), the readings were found to be 

somewhat unsteady. 
Circumferential distributions of the actual flow velocity (U) and directions (0, ¢) measured just 

upstream and downstream of the fan at zero, 30 and 50 ft/sec forward speeds are shown in Figs. 5 

to 10, whilst the origins of the maldistributions which occur at forward speeds can be seen more 

clearly from Figs. 11 to 15, which show various contour plots of the velocity, static pressure, total 

head and flow deviations c~ and/3 obtained in some of the traverses. Total head has been measured 

as a departure from the mean total head in the plane of the traverse, and static pressure as a departure 

from the tunnel static pressure far upstream: both pressure differences have been rendered 

non-dimensional by dividing by the mean dynamic pressure of the flow through the fan. 

The complete set of traverses reveal that at zero forward speed the upstream velocity rises 

slightly from hub to outer duct edge (Figs. 5, 11) and this is associated with the rather small inlet 

lip radius (0.10 duct diameter) which produces a suction peak associated with a local velocity 

1.26 times the mean flow into the fan. The measured mean velocity 15% of the annulus gap from 

the wall is 1.12 times the mean velocity and an extrapolation of the radial distribution (ignoring 
the boundary layer) would lead to a value 1.20 at the wall. In fact, the adverse pressure on the wall 

just upstream of the fan is sufficient to provoke boundary-layer separation about ~ in. ahead of the 

fan blade tips, and this was confirmed by the oil-flow techniques. The separated layer remains 
thin and the pressure rise through the fan causes reattachment of the flow. Neither upstream nor 
downstream of the fan was the outermost probe close enough to the duct wall to detect the boundary 

layer. The total head at entry is uniform and the static pressure varies over the annulus to match 

the velocity distribution. The fan exerts an appreciable smoothing effect on the flow. The flow 

velocity downstream of the fan is more nearly uniform over the annulus area (Fig. 6) except in the 
sector downstream of the drive shaft; here the flux is greatly reduced as the shaft creates locally 

stalled conditions. Magnus effect due to rotating shaft is also evident as the flow at a sector position 

of 250 ° is faster than that at the 290 ° position. The static-pressure variations from the mean are 

within +_ 7~/o of the dynamic pressure of the flow through the fan, or about } of the variations on 

the upstream side, and the peak suctions are now measured nearest the hub and are associated 

with the flow expansion that takes place just below the plane of the traverse into the hub region, 

Fig. 2. The total-headvariations also remain small at about + 10% of the dynamic pressure of the 

flow through the fan, but are of course much greater than the variations on the inlet side. The exit 
total head is least near the outside of the annulus, where the inlet velocity was highest. The exit 

traverse also reveals a few degrees of residual swirl which appears to indicate that the stator biades 

are under-cambered. 
At increasing forward speeds, the separation from the upstream lip becomes more severe, whilst 

that over the rear half of the fan intake is eliminated. Oil-flow patterns obtained at a large value 
(0.55) of the forward speed ratio, Vr/V~, revealed both long and short bubbles of separation with 

a torn vortex sheet as sketched in Figs. 16 and 17. The separated flow region still remained thin 

enough not to be detected by the traversing probe 0.5 in. from the wall. 
The flow velocity into the fan had a considerable gradient from front to rear, Figs. 12a, 14a, 



a speed ratio of 2 :1  being observed at VT/V F = 0.55, the high speeds being found at the front. 
Once again, the total-head distribution upstream of the fan was uniform, Fig. 12c*, and the static 
pressure varied to suit, Fig. 12b. The  cyclic variations of 0 and ¢ (Figs. 7, 9) imply only a small 

flow deviation in the spanwise direction, Fig. 12e, where this is seen to be a consequence of hub 

and duct curvature, but a considerable deviation of the flow towards the rear. In fact Figs. 12d and 
14b show that the flow is in the axial direction only at the back of each part of the annulus where 

the duct walls control it. Maximum rearward inclinations of the flow are observed on the sides of 
the hub where the vertical walls exert their least effect. Fig. 18 shows how the mean values of 

and j~ vary with forward-speed ratio up to 0.55: traverses at higher speed ratios could not be 

evaluated as the flow angles exceeded the range of calibration of the yawmeter probes. The curve 

VT/V~, = tan a would apply to fluid that conserves its horizontal momentum from far upstream. 

Thus  it can be seen that the air entering the fan still possesses some ~ of its horizontal momentum. 

The  implication of this cross flow is that the retreating blade is subjected to a larger local angle 

of attack than the advancing blade, though this is to some extent relieved by the somewhat greater 

velocities found on the advancing side of the fan as seen in Figs. 12a and 14a. Nevertheless, the 

maldistribution shown by Figs. 12a to e implies a severe cyclic loading of the fan, which , whilst 

acceptable in these tests might lead to structural and vibration difficulties at full-scale. The 

improvements that can be achieved in this respect by turning vanes and depth of duct are discussed 

in Sections 7 and 8. A further technique for improvement, w h i c h  is to be investigated in further 

experiments, is to tilt the fan axis forward by, say, 15 °. At this angle, conservation of all the momentum 

should yield mean axial flow at a forward-speed ratio of 0"26, or even at 0.41 if only § of the 
momentum is found at plane of the traverse. 

Immediately downstream of the fan, on the other hand, the f low variations are all seen to be 
somewhat less than upstream, if the drive-shaft sector is ignored. The flow directions are relatively 
close to the axial (Figs. 8, 10). The flow velocities now increase from front to rear of the fan 
(Figs. 13a, 15a) as might be expected from the fact that the  flow into the fan is moving towards 
the rear of the duct, and apart from the situation being obscured by the influence of the driving shaft, 
the flux on the advancing side of the duct can be seen still to be greater than that on the side where 
the rotor blades are retreating. As at zero forward speed the static pressure on the exit side of the 
fan is reasonably constant, though high at the front of the duct and low close to the hub. The regions 
of high velocity at exit from the fan, however, now possess high total head. 

It  is also interesting to note that although the exit traverse was carried out at a distance only 

0.25 duct diameter away from the wing surface, up inside the duct; Fig. 2, the static-pressure 

suction peaks observed round the duct exit due to the interaction between the efflux and the 

mainstream could not be seen in the plane of the exit traverse though they were present when the 

* The contours of Fig. 12c are drawn at one-fifth the intervals of those of static-pressure variation Fig. 12b, 
or of those of total-head or static-pressure variation (Figs. 13b, c) on the exit side. The mean total head of 
Fig. 12c implies a loss of total head from the value far upstream in the tunnel, of 1½~ of the mean dynamic 
pressure in the fan duct (or 13 ~ of the tunnel dynamic pressure). The regions in the middle of the annulus 
where total head exceeds the mean value also include regions where the total head is up to 1½~ greater than 
the value far upstream. This seems unlikely and it suggests that the yawmeter was inadequately calibrated when 
yaw and pitch were both present. The total-head readings therefore cannot be relied on to within 2 ~  of local 
dynamic pressure, which at KT/K F of 0.33 is not better than 20~  of the dynamic pressure due to forward 
motion. 



traverse was repeated in the plane of the lower surface, in which situation the flow was found to 

be somewhat unsteady, probably on account of the separation from the hub. The pair of traverses 

referred to were carried out at a different forward speed and so are not presented here. It may be 

suggested that previous reports have possibly overemphasised the magnitude of the suctions 

observed at forward speed round the jet exit. When non-dimensionalised in terms of the dynamic 

pressure of the effiux, as here, rather than in terms of that of the mainstream, the analysis of previous 

work z, 8 suggests that at a V~/VF of 0.33 as in Fig. 13b, a high pressure coefficient of about + 0.04 

would be found at the upstream edge of the duct, a lesser value of about - 0.2 at the downstream 
edge, and the marked suction peaks, which are only about - 0 . 5 5  at angular positions + 140 ° 

round from the upwind generator. The range of variation falls off rapidly with distance away from 
the duct edge, both towards and away from the duct axis. Although pressure variations of this order 
can be seen in Fig. 13b,.the distribution up inside the duct is not associated with the cyclic 

variation found in the external field but only with the increased static pressure on the front edge 

of the duct. Traverses immediately downstream of the fan at still higher forward speeds show that 

this region of increased pressure leads to flow separation immediately downstream of the fan at 

VT/V F = 0.8. Such a speed ratio would only occur during the starting and shutting down of the 

fan in wing-borne flight. 
Further traverses immediately downstream of the fan carried out at the (still high) forward-speed 

ratio of 0.42 show that the efflux distribution is substantially unaffected by wing incidence Over the 

range + 12 °, or by presence of 30 ° of split flap. It must be remembered, however, that the fan 

diameter is only a small fraction of the wing chord. 

6. Effect of Forward Speed on Fan Performance. 
The mean flow rate through the fan has been estimated from the traverses, and its variation with 

forward speed, both quantities non-dimensionalised in terms of the fan-blade-tip speed, is shown 

in Fig. 19. This graph again illustrates the difficulty referred to earlier that the flow rate is over- 

estimated by the observations of the exit traverses. The small effects of incidence and presence of 

30 ° split-flap deflection on the flow through the fan is also seen in Fig. 19. 
The flow rate through the fan increases at first with forward speed, but with increasing 

maldistribution this tendency is reversed. The mean pressure rise across the fan was calculated 
from the upstream and downstream traverses and this allowed the effect of the maldistribution on 

the fan performance to be shown in Fig. 20. The characteristic in uniform flow is that shown in 

Fig. 4 and as explained earlier probably suffers from an overestimate of the flow. The flow rate 
in the N.P.L. measured characteristic was obtained from the inlet traverses, and the displacement in 

the zero forward-speed point from the design point can in part be associated with a reduction in 
V F due to the blockage of one sector with the drive shaft, and to an even larger reduction in head 

rise which the fan has to supply on account of the slight increase in efficiency due to some diffusion 

of the flow between fan exit and duct exit. 
With increasing forward speed the N.P.L. measured characteristic runs parallel with the 

characteristic for uniform inflow, but above a forward speed ratio, VT/VF of about 0.3, the mal- 
distribution results in a deterioration in fan performance. The pressure rise demanded of the 

fan decreases with forward speed and the fan appears to be free from stalled flow regions at least 

as far as a forward-speed ratio of 0.55. As only one point of the complete fan characteristic was 

measured at any forward-speed ratio, it is not possible to say that the fan operating point is moving 



away from the stall point, since this itself may be reduced and modified by severe cross-flow 
conditions. Fur ther  comments on the pressure rise through the fan are made in the companion 
paper 11. 

The  measured total-head rise AH/½pVF 2 of Fig. 20 includes an entry loss measured as 0 .002 at 

V,d,/Vj,. equal to 0.16, 0.015 at 0.33, 0.019 at 0 .44 and 0"06 at 0.55, but  as explained in an earlier 

footnote some of this may be fictitious and due to inadequate yawmeter  calibration. 

Power input to the fan was not measured. 

7. Effect of  an Inlet Cascade. 

Tests were carried out with a variety of settings of the crude cascade of flat-plate vanes shown in 

Figs. 2 and 21. This  cascade has" the advantage of being able to seal off the duct for conventional 

forward flight. In the preliminary work the blades were ganged together so as all to have the same 

setting, and the cascade was tried both with and without  the vertically aligned rear half of each 

blade. Measurement  at a given fan rotational speed revealed at each value of the forward speed an 

opt imum but rather ill-defined setting of the blades for maximum lift increment due to the fan. 

The  blade angle with the vertical increased from 0 ° at zero forward speed to about 40 ° at 40 ft/sec 

( I @ / V  F = 0.44). The  effects on lift were small, and only between VT/.V F values of 0.33 and 0 .44 

was the opt imum result with the cascade present better than that obtained without  the cascade. 

This  was mostly due to the low Reynolds number  since tests at zero forward speed showed that the 

skin friction on the lower vertical half of each blade diminished the lift by 4 .5 %,  and addition of 

the upper halves, even with an individual setting for each blade s , reduced the lift by about another 

2.2°./o (estimated). Hence an improvement  of momentum flux of over 7% would be required in 
these model tests before an increase in lift would be measured. 

Fur ther  steps were taken to improve the flow by adopting a differential setting for the blades, as 

in Refs. 9 and 10. Adjustments to the individual settings were made on the evidence of threads in 

indicating flow separations, force measurements and yawmeter  traverses. At a number  of yawmeter-  

probe positions, however, Che probe was found to lie in the wake of a blade and the readings had to 
be discarded. 

In the final configuration, Figs. 2 and 21, the first two blades were cambered to match the 

radius of the intake flare so that they could be used satisfactorily at large angle settings, and the 

tips of the first four blades were curved in planform in order to avoid a local stalling of the flow. 

At the rear of the cascade the top half of the penultimate blade and the whole of the last blade were 
eliminated as flow guidance was not required there. 

At a forward speed of 40 f t /sec (V~,/VI,, equal to 0.44) the optimum setting of the cascade blades 

was as depicted in Fig. 22 which also shows tt{e variation from front to back of the duct of the 

undei:turning angle, c~ °, meaned over the area of each blade, both with and without the cascade. 

The  flow velocity distributions are compared in Fig. 23 and a contour 'plot  of the velocity is given 

in Fig. 24. The  effectiveness of the cascade in turning the flow into the axial direction has eliminated 

the cyclic variation in velocity observed without  it. The  increase in velocity towards the outer edge 

of the duct was also found without  the cascade at zero forward speed, Fig. 11. 

This refers to the suggestion of Gilmore and Graham 9 that even at zero forward speed only the vanes in 
the vicinity of the fan axis should be set at 0 °, those towards the front of the duct should face forwards and those 
at the back, to thereat. Negative blade settings were not possible with the present cascade, but when the front 
four blades were individually adjusted to settings of 62 °, 30 °, 15 ° and 5 ° so that flow separation (as indicated 
by threads) was altogether avoided, a 1' 7 ~ gain in lift was obtained over that with the 0 ° setting for all blades. 



The forward speeds at which it would be necessary to alter the setting of the cascade in order to 

maintain reasonably axial flow could not be determined from the limited traverses that were taken, 
although it was observed that a change of forward speed of 10 ft/sec with the cascade setting of 

Fig. 22 altered the mean flow angle by less than a degree. It would be expected that the speed range 

for a given setting would be extended by the use of round-nosed blades with sortie thickness but 
further work would be required to confirm the contention" that transition could be carried out with 

only two settings of a cascade, one for hovering and another optimised for a forward speed in the 
upper half of the transition speed range. 

It was not possible to show that an improved point on the fan operating characteristic (Fig. 20) 

was obtained by the use of the cascade at forward speed since so many readil)gs had to be discarded 

that no reliable estimate of either mean incoming total head or flow rate could be made. In between 

the blade wakes, the total head measured was equal to that far upstream, and the flow velocities of 

Figs. 23 and 24 (which were in excess of those measured without the cascade) ignored the local 
regions of low velocity wakes. 

8. On the Influence of Duct Length. 

Some traverses were carried out immediately downstream of the, fan with various duct extensions 

in position, either upstream or 'downstream of the fan. Whilst the addition of a duct 1.25 diameters 

in length upstream of the fan reduced the flow through the fan at zero forward speed, it was found 

that the addition of a 1.67 diameter-length downstream extension increased the flow at constant 

rotational fan speed by about 10%. This must be because the added length of duct allowed better 

diffusion of the flow downstream of the hub. At 30 ft/sec forward speed (VT/V F = 0-33), however, 

without any duct extensions, it was established that the 23% change in flow speed between duct wall 

and hub measured along the upwind radius immediately below the fan (Figs. 8, 13a) was due to the 
non-uniform conditions at entry since when the 1.25 diameter length of entry duct was fitted, which 

extended to outside the wind tunnel, a uniform velocity distribution was found immediately below 

the fan despite the proximity of the lower surface of the wing and associated pressure field. When the 
fan was exposed to the cross-flow at entry, resulting in the upstream flow distribution of Figs. 7 and 
12a, the duct extension 1.67 diameters in length below the fan reduced the 23 °/variation in speed 
to 9o/0 . 

It is not necessary, however, to avoid cross-flow at the duct inlet altogether in order to improve 
the flow distribution immediately upstream of the fan. The fan and a second identical fan have now 

been installed in tandem in a deep nacelle-shaped body. This has allowed a one-diameter length of 
duct both upstream and downstream of the fan. A streamlined hub boss and tail cone whose nose 
and tail are well within the overall depth allow acceleration of the flow into the fan and diffusion 

downstream. The lip radius has been increased from the present 0.10 duct diameter to a value that 

changes continuously between 0.23 diameter at the front of the duct and 0.11 diameter at the rear. 

In consequence, separation of the flow is avoided at forward speeds below 25 ft/sec(V,¢/V~ = 0-28). 

At the high forward speed of 50 fl/sec (VT/V F = 0.55) the distribution of velocity and underturning 

angle immediately upstream of the fan are as shown in Figs. 25a and b which can be compared with 

Figs. 14a and b. Fig. 25 was obtained with both fans rotating, but this does not affect the comparison. 

It will be seen that the velocity distribution and flow underturning are very much improved although 

the extra length of duct between entry lip and fan has allowed the separated flow region to extend 

considerably. The negative flow angles recorded at the front indicate flow towards the wall following 

collapse of the bubble. Note also that the region of fastest flow is now found at the middle of the duct. 



An available semi-circular piece of cambered slat was fitted in the forward half of the duct at 
the entry in an attempt to prevent boundary-layer separation. The slat used was successful up to a 
forward speed of 35 ft/sec (VT/V ~ = 0.39) and even at higher forward speeds, the flow was much 

improved. Figs. 26a and b show the distribution at 50 ft/sec (VT/VF = 0.55) and can be compared 
with Figs. 25a and b. 

9. Effect of an Exit Cascade. 

A number of force measurements and ~ery few traverses were carried out with a simple cascade 
of 12 hinged flat-plate blades fitted to the lower surface across the duct in order to deflect the jet aft. 
This cascade was also capable of closing off the duct when the fan was shut down. The interest lay 
principally in the effect of jet deflection on the aerodynamic interactions. 

As would be expected from the discussion so far, any alteration that occurred in the static-pressure 
distribution just,upstream of the cascades due to their introduction did not appreciab!y affect the 
velocity distribution immediately downstream of the fan. More serious was the fact that the 
operating point on the fan characteristic was raised on account of the additional pressure drop 
suffered by the flow in traversing the deflected cascade. With the cascade blades all hinged in the 
plane of the lower surface, the cross-sectional area available for the flow was reduced by the factor 
cos 0 where 0 was the deflection angle of the jet, quite apart from the effect of viscous losses due to 
the blades themselves. At 30 ft/sec forward speed (or Vfir/V~, approximately 0.37) the value of 
AH/½pV~r 2 was raised from 0. 675 without the cascade to 1.01 with the cascade present and deflected 
30 ° (Fig. 20). However, the'reduced flow rate, Vu/rrnd, of 0" 56 remained well above the stalling 
value in uniform flow of 0.43 (Fig. 4), but the plotted point shows that maldistribution of the flow was 
still present and spoiling the fan performance. 

The force measurements, coupled with output-power estimates (for both fan and assumed thrust 
unit) 4, suggested that very little was to be gained by exit-cascade deflection, and that 20 ° represented 

the optimum deflection at the lower forward speeds where the interaction effects were adverse. 

The lift and drag increments due to the fan fell increasingly short of the theoretical predictions as 
the flap deflection increased beyond 30 ° , but in the absence of flow-rate measurements it was not 

possible to determine for certain under what conditions the fan became stalled. Improvements were 

sought by deflecting only the rear half of the jet, and alternatively, by separating the cascade from 

the lower surface by 2 in. (hid = 0.15). Both these expedients reduced the drop in flow and change i n 
pressure rise by about one-half of that Caused by the plain 30 ° cascade, but the effects of maldistribu- 
tion persisted. Both modifications reduced the thrust obtainable by the given cascade setting, but 
were offset by a smaller loss in lift. On balance, the half-cascade deflection slightly reduced the 
overall output-power level, whilst the separated cascade yielded a small reduction only at high 
forward speeds. 

10. Drive Shaft and Gas-Feed-Pipe Interference. 
The adverse influence of the mechanical drive shaft on the flow distribution on the exit side of the 

fan is amply illustrated by the figures of this paper. An alternative method of driving a fan is by 
means of a hub turbine using hot or cold gases generated remotely. This will require sophisticated 
streamline ducting to convey the gases across the annulus to the hub, since a plane circular cylinder 
of appropriate diameter (4½ in.) spanning the fan entry with its downstream generator in the plane 
of the leading edge of the fan stator blades can be seen to have disastrous effects on fan performance, 
Fig. 3. 
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Under static conditions, the thrust of the fan was reduced to about 46% of its normal value at the 

same rotational speed, and  under forward-speed conditions a corresponding performance was 
obtained. The reduction in static thrust was much larger than could be accounted for by any 
calculation based on blockage of the duct or drag of the cylinder. Downstream traverses revealed 

that the flow was extremely unsteady, and that a large portion of the fan was stalled: there was no 
flow at all through a number of sectors below the feed pipe, and the axial velocity in the sectors 

rose only slowly with angular displacement from the feed pipe, reaching a maximum of 90% of 

the flow" velocity in the absence of the feed pipe only in the sectors on the diameter at right angles 

to that occupied by the feed pipe. 

11. Conclusions. 

The flow traverses that have been carried out immediately upstream of the fan have revealed that 
with the fan situated just below the inlet flare, the observed maldistribution at forward speeds 
arises from incomplete turning of the flow into the duct. Submerging the fan one duct diameter 
below the entry largely eliminates the underturning of the flow, though at the expense of increasing 

the adverse effects of any flow separation on the inlet flare. 
In this respect an inlet flare radius of 0.10 duct diameter gave rise to flow separation, even under 

zero-forward-speed conditions. A radius 0.23 duct diameter at the front of the duct eliminated 

flow separation up to a forward speed 0.28 times the speed through the fan, and a simple slat to 
control the boundary layer raised the maximum speed without separation to 0.39 times the speed 

through the fan. Slat design refinements or other means of boundary-layer control, coupled with 

consideration of hub shape and location could probably improve on these figures. 
A crude form of inlet cascade with articulated flat-plate blading also satisfactorily reduced the flow 

divergences from the axial direction, but at model scale, the benefits of improved flow were nullified 

by the drag of the cascade which was 7% of the installed thrust. There is scope for a refined design 

of inlet cascade, coupled with tests at much higher Reynolds numbers. 
Since about ~ the horizontal momentum was still present in the fan entry, measured immediately 

below the inlet flare, tests are desirable with an inclined fan axis. 15 ° forward tilt should then yield 
truly axial flow at a forward-speed ratio of 0.4. Hence reasonable flow might be expected without 

a cascade over a large speed range. Such tests will be carried out as part of the fan-in-nacelle 

programme. 
On the exit side of the fan, the pressure variations arising from the interactions between the 

effiux and the mainstream have very little upstream influence. Suction peaks could not be found 
even 0.25 duct diameter up inside the duct, and the pressure peak only provoked flow separation 
at the fan at very high forward speeds. With a limited depth of duct, the fan should be placed close 
to the bottom. If a long duct is available further tests are required to establish a compromise position 
which would allow a streamlined hub tail cone to be' fitted and permk efficient diffusion of the flow 

in the downstream portion of duct. 
Under forward-speed conditions the operating point on the fan characteristic moves away from 

the stall point in axial flow, and even with the worst cross-flow conditions (i.e. the fan close to the 
upper surface and without any entry cascade) the pressure rise through the fan is not adversely 
affected by cross-flow below a forward-speed ratio of about 0.25. Care should be taken in installing 
an exit cascade as this will increase the pressure rise demanded of the fan. For practical application, 
the use of variable-pitch blading to maintain constant fan speed operation should be considered. 
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AH 
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N O T A T I O N  

Density 

Annulus area 

Wing area 

Radius 

Fan or duct diameter 

Lift, including force produced by fan 

Fan rotational speed, rev/sec 

Fan force coefficient {= L/½pAF(,rcnd) 2} 

Flow velocity in fan 

Axial component of flow velocity through fan 
a 

Forward speed 

Static pressure 

Reference static pressure far upstream 

Total head 

Total-head rise across fan disc 

Inflow angle, i.e. deviation of flow from the axial direction towards the fan axis, 
or tan -1 (VR/VF) where V R is the inward radial component of flow velocity 

Swirl angle, i.e. deviation of flow from the axial direction in the direction of 
fan rotation, or tan -1 ('f~/VF) where V e~ is the tangential component of flow 
velocity 

Underturning angle, i.e. deviation of flow from the axial direction towards the 
rear, or tan -1 (V~/VF) where V_~: is the chordwise component of flow velocity 

Spanwise flow angle, i.e. deviation of flow from the axial direction towards the 
port wing tip, or tan -1 (VSVF) where Vy is the spanwise component of 
flow velocity. 
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T A B L E  1 

Fan-Blading Design and Performance Specification 
Free- Vortex Design 

Rotor 

~tator 

2r/d 

1.0 
0.75 
0.50 

1.0 
0.75 
0.50 

(X 1 

59.2 
51.5 
40 

20.7 
26-7 
37.1 

52.4 
37.0 
4.7 

6.8 
14.5 
35.3 

20"7 
26.7 
37"1 

(S/e)N 

3.2 
1.42 
0.71 

2-4 
1-53 
0-77 

1"57 
1.18 
0"78 

1 "65 
1.24 
0"82 

C~ I ' 

59"2 
51 "5 
4-0 

20-7 
26-7 
37"1 

egg t 

48.2 
30"2 

- -  4"7 

- 8 . 3  
- 8.9 
- 1 0 - 2  

0 

11.0 
21.3 
44.7 

29.0 
35.6 
47- 3 

53.7 
40.85 
17-65 

6.2 
8 - 9  
13.45 

4.2 
6"8 
9"4 

8"3 
8 '9 

10.2 

1"25 
1.25 
1"25 

1 "25 

1 "25 

1 ' 2 5  

N 

21 

20 

C.4 Circular-arc aerofoils 

Inlet guide vanes with zero camber and outlet angles 

Mean air speed 

Thrust 

Fan speed 

Mass flow 

Fan adiabatic efficiency 

Gear efficiency 

Motor speed 

Motor power 

Notation for Table 1 only 

r Radius 

d Fan diameter 

% Air inlet angle 

c~ 2 Air outlet angle 

e = % -  0% deflection 

%' Blade inlet angle 

a2' Blade outlet angle 

0 = %' - ~2', camber 

~: Stagger angle 

3 = ~ - -  ~ ' ,  deviation 

85.5 ft/sec 

12-3 lb 

41- 7 rev/sec 

4.64 lb/sec 

0.80 

0"80 

125 rev/sec 

1.5 b.h.p. 

N 

S 

C 

S ut~Cix N 

Suffix .~ 

Number of blades 

Gap 

Chord, in. 

Nominal 

Actual 
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.0"354 chord .~ 

I 
~ Plain flap 

% %~ O O . 
, ~ ~ 3 0  and 60 spl i t  

f laps avai lable 

f 

F", I Motor and 
,.L_J tach~t~r 

7 3 . 6  . , ,, 
In. f - J  .l-rJ L_ n 

I /I ~ I 

L-- x . . . .  L 
" - - ' ~ 2 1 -  blodcd fan, ] 

3 ' 6  n do .  I 
hub/diamet.cr 11 
ra t i o  = 0"5 [ 

Annulus area A F = 1 0 2  sq. in. ] 
1 

Wing' a rea  Aw = 4 4 8 0  sq.in. Ii 

Fro. 1. General arrangement of model. 

Cambered Indiv idual  Gang 
b lades ad jus tmen t  adjustment 

' I hub boss 

(a) Adjustable intake cascade~vlewe-J from side. 

'~ Round boss used with 
yowmetcr  alone 

• / " / ~ ~ guide vanes 

(b) on unit showing in le t  guJ'de vanes , ro to r ,  s t a t o r , g ~ a r b o x  
and d r i v ing  s h a f t t w [ t h  the  ( a l t e r n a t i V e )  ups t ream and 
downst ream yqwmeter rakes (v iewed f rom d o w n s t r e a m ) .  

FIG. 2. Details of installation of fan unit, intake cascade 
and yawmeter rakes. 
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FIG. 3. Scale effect and effect of tunnel constraint 
and of feed-pipe interference on fan-wing static thrust 
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from Ref. 7). 



+10 

Inflow 
e o 

0 

- I  0 

+10 
Swirl ~o 

0 

- I  0 

Direction of 
fan rotat ion 

I I0 

~ r---= . . . . . . .  -S_-' L-" . . . . . . . .  

Probe positions 

2rid Inc. 0 = 
Hub 0"50 
Inner 0-575 Fan speed 4l.Trev/seq 

- - - -  Middle 0-75 Mean a~ial speed 
83-0,ft/sec - - O u t e r  0"925 

100 
U 

ft/scc 
9 0  

~" Upstream 

70 
0 o 

FIG. 5. 

~ Por t  
=" Downs,.ream L.,l" Starboard 

i 

. / ~ - - ~ f  

" - "  . ~ . . . . . . . .  4 - . - _ ' 5 _  . . . .  

90 e 180 e 270 e 500 = 

Upstream circumferential distribution of flow: 
v~,/vF = o. 

20 

+10 
Inflow ~o 

0 

-I 0 

Dt'rect ion of 

fan [rotati°~ ! ~  

÷lO 
Sw'lr l 

¢j~o . . . .  . 

0 

-I0 

I10 

lO0 
U 

ft]se¢ 
90 

Probe positions 

Zr/d 
Hub 0.50 

. . . .  Inner 0-575 
- - ~  Middle 0.75 

Outer 0 "925 

[nc 0* 

\ 
; \ 
t 

I 
I 

Fan speed 41-7 rev / sec 
Mean axial speed 83-9ft/sec 
Forward speed 0 f t /sec 

~ - ~  _-2-___~_~ 

I 
5 
I 80 

700o 

Fro. 6. 

90 a 180 ° 270* 360 ° 

Downstream circumferential distribution of flow: 
VT/VF = o. 



D i r e c t m n  of 
fan ro ta t ion"  

OO 

Direction of 
f(~n r o t a t i o n  

0 

- [ 0  

J 

F---'r--1 ~ i o ,  +p..d 9O-0 .boc 

O e O0 o 180 e 270 e 360 Q 

Fig. 7. Upstream circumferential distribution of flow: 
VT/V ~ = 0"33. 

20 

+I0 

Inflow 
a° 

O 

-I0 

20 

~-I0 

0 
S w i r l  

@o 

- 1 0  

-20 

120 

IIO 

I00 

U 
~tl.cl 

90 

- - ~z%. .  _ __  

. . . .  / ~ - - : . . :  : . =  = .=  ~ _ :  2222  

i i 
i r 

Probe positions 
2r/d 

Hub 0 ' 5 0  
. . . .  Inner  0 .575  

- - - - M i d d l e  0-75 

- - O u t e r  0.925 

/ \ 
_ / \ -- == _ - ~ <  

] 
i 

[nc  0 ° 

F a n  s p e e d  41.7 r~v / ~ c  
M e a n  a x i a l  speed 90.0 f t /~zc 
Forwclrd speed 50"0 ft/s~c 

8O 

70 
0 o 

/ \ ' , ,  
. . 7  / ~  

900 IBO ° 

t 

£ 
I+1 

2700  560 ° 

FIG. 8. Downstream circumferen,tial distribution of flow: 
VT/V • = 0.33. 



15 

20 - - ' '~ D i rec t i on  of  
-~ fort rOtCltlon 

+ 1 0  . . . .  
Inflowo, ~ ~  

0 
J 

f j ../// 
. /  

f - -  

/ 

/ 
/ / 

+1 
Swir 

i 

-I 

-2 

12 
U 

ft /se,  

lJ 

I 0  

9( 

u -  

Fzc. 9. 

9o* 180" 2700 5600 

U p s t r e a m  c i r cumfe ren t i a l  d i s t r ibu t ion  of  f low:  
v z / v ~  = 0.ss .  

+1~ 

0 
Inflo~ 

Direction of 
. _ - . . . .  fan ro ta t ion*  ~'k _ 

- - " / " -  % .__ ...<2;-2~_-_.._/J ~ ' ~ .  ~ -  C'---- 

' I \ 
-! 0 ,~ 

i I 
V 

-20 

+10 

0 
Sw i r l  ~o 

-10  

-20 

I I0  

I00 

90 
U 

f t /sec  
BO 

70 

. __ _ _-~-__-~__ _ - - 2 ~ - - : _  _-~. =_._., .~ __.:.. _ ___:_~_~ 

P r o b e  pos i t ions  ' ;- po,,tlons [ 
2r/d -o ' - ~  

' Hub 0"50 Inc u . }jl 
. . . .  lnr~r 0.575 Fon speed 41-7 rev / sec  [! 
- - - - M i d d l e  0-75 Meon axia l  speed 90.gft/sec V 
' Outer  0-925 Forward speed 50.0ft /sec I 

/ / /  "\,x, i 

Y 
x jz  

xx x j ~  

L _  

6 O  

50 
0 ~ 9 0 Q 180 ~ 2700 5600 

Fla. 10. Downstream circumferential distribution of flow: 
v T / v ~  = o.s5. 



L.l=. of wing 

- . - 04 ' ~ t ~  ] 

9 " ° ~  I 

/ 

FIG. 11. Equi-velocity contours for flow distribution at fan inlet at 41-7 rev/sec and 
zero forward speed: VT/V F = 0. Numbers  indicate windspeed in ft/sec. Mean axialspeed 

through fan 83"9 ft/sec. 
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Fro. 12a. Equi-velocity contours for flow distribution at fan inlet at 41.7 rev/sec and 
30 ft/sec forward speed: Vr/V  F = 0.33. Numbers indicate windspeed in ft/sec. Mean 

axial speed 90 ft/sec. 

21 



T L.E.  o1" w i n g  

iO.B -0 .7  

-0.' 

FIG. 12b, Static-pressure contours, ( p -  pT)/½pVF 2, at fan inlet at 41"7 rev/sec and 
30 ft/sec forward speed: V2/V~, = 0.33. 
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1 2 Fro. 12c. Total-head contours, ( H -  Hmean)/~pVF, at fan inlet at 41.7 rev/sec and 
30 ft/sec forward speed: V2/V ~ = 0.33. 
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FIG. 12d. Contours of underturning angle, e¢, at fan inlet at 41 "7 rev/sec and 30 ft/sec 
forward speed: VT/VI¢ = 0.33. 
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FIG. 12e. Contours of spanwise flow angle, 13, at fan inlet at 41.7 rev/sec and 30 ft/sec 
forward speed: VI,/V F = 0.33. Positive/3 indicates flow to the left. 
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Fia. 13a. Equi-velocity contours for flow distribution at fan exit at 41.7 rev/sec, and 
30 ft/sec forward speed: VT/V ~ = 0.33. Numbers indicate windspeed in ft/sec. Mean 

axial speed 90 ft/sec. 
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Fie.. 13b. Static-pressure contours ( p -  pz)/½pV~ 2 at fan exit at 41 .7  rev/sec and 
30 ft/sec forward speed. VT/V F = 0-33. .  
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FIG. 13c. Total-head contours, ( H -  Hmean)/½pgt~, ~, at fan exit at 41-7 ft/sec and 
30 ft/sec forward speed: VT/V F = 0.33. 
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FIo. 14a. Equi-velocity contours for flow distribution at fan inlet at 41.7 rev/sec and 
50 ft/sec forward speed: V~r/V P = 0"55. Mean axial speed 90.9 ft/sec. 

29 



.0 \0~ 

IL. . 
15 

o~ wing 

IS 
f 

f fo 

Hub 

Fro. 14b. Contours of flow underturning angle, ~, at fan inlet at 41.7 rev/sec and 
50 ft/sec forward speed. 

30 



o ~ ~ ~  

I C.E • o¢ win 9 

IlO 

Drive 
shaft  

ind icate windspeed in f t / s e c  

105 

Fro. 15. Equi-velocity contours for flow distribution at fan exit at 41.7 rev/sec and 
50 ft/sec forward speed: VT/V F = 0" 55. Mean axial speed 90.9 ft/sec. 
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Fro. 17. Sketch indicating short and long bubbles of separation observed 
at v~/v~ = 0.55. 
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Numbers indicate windspeed in tt/sec 

Fro. 24. Equi-velocity contours for flow distribution at fan inlet at 41" 7 rev/sec and 40 ft/sec 
forward speed with optimum setting of inlet cascade fitted to upper surface of wing. 
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FIG. 25a. Equi-velocity contours for flow distribution at front fan inlet. Both fans at 
41.7 rev/sec and 50 ft/sec forward speed. Traverse plane 1 in. ahead of fan inlet guide vanes. 
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FI~. 25b. Contours of flow underturning angle, ~, at front fan inlet. Both fans at 
41.7 rev/sec and 50 ft/sec forward speed. 
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Fro. 26a. Equi-velocity contours for flow distribution at front fan inlet. Both fans at 
41.7 rev/sec with half-ring slats fitted. 50 ft/sec forward speed. 
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Fie. 26b. Contours of flow underturning angle, ~, at front fan inlet. Both fans at 
41.7 rev/sec with half-ring slats fitted. 50 ft/sec forward speed. 
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