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PART I 

Tbe general performance of tbe important components of a wind tunnel or 
test bed deslgned for testing aircraft propulsion systems and especially those 8uitable 
for VTOL and STOL aircraft application bas been examined. Tests have been 
dlrected at single components (e. g. the tnlet diffuser to deelde on suitable internal 
screening arrangements) and tbe tunnel as a whole wlth tbe exception of tbe driving 
fan and bellmouth tnlet. 

From these tests it is concluded that the unconventional layout proposed for 
the tunnel is acceptabie. 
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PART II 

Tbe arrangement of components • which was adopted followtng the testing 
of Part I, was Inltlally accepted for the tests subsequently made. Addltional com
ponents were the fan rofor and stator system and the tnlet bellmouth. Tbe perform
ance of tbe whole tunnel was examined (or working section velocity proCiles, steadt
ness of flow, boundary layer growth in tbe working section, turbuience, and exit 
diffuser efficiency. AncUlary tests to determine increases in velocity through 
diminishing working section area were a180 undertaken. 

Two changes in bas tc layout we re made, following examinaUon of tbe 
model tunnel as a whoie. Tbe first was concerned wlth cost reduction through 
elimination of the conventional long exit diffuser. 1111s diffuser was replaced by 
a much shorter, wide angle diffuser having the same flow area increase. 111e 
efflcient running of the short diffuser called for the instal1ation of vortex 
generators at lts inlet. 

Tbe Successful operation of the tunnel wUh the short exit diffuser led 
to tests in which the screens mounted in the inlet diffuser were eltmlnated and 
improved aerodynarnlc performance was obtained through the use of a set of vortex 
generators in the stator spaces . 

Apart from the dlscovery of some flow angularity in the working section, 
whlch will he left to CulI scale development for remedy , the layout of the tunnel as 
determined by model test is considered to lead to acceptable aerodynamic perform
ance . 
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GENEnAL I NTRODUCTION 

The increasing interest in VTOL aircraft during the last five o r s lx 
years has created a need for test arrangements, in addition to those already 
existing, which would In parlicular be more appropriate for examining VTOL 
engine conIigurations and associated components . 

Early tests on models indicated clearly the need for careful flight simula
tion, especially during lransition from vertical to horizontal fli ght, and for the 
establishment of control procedures during take-oH and landing. 

Design Considerations 

Considerabie emphasis wa s attached to thc concept of lIfting engines 
using large bypass ratios and to fan-in-wing schomes . 

To facilita.te this type of work the following features were considered 
necessary: 

(I) Open circuit operation to permit combustion in the working models with
out thc initial complication of exhaust gas extraction or heat removal. 

(2) Large working section to permit tests at realistic Reynolds numbers. 

(3) Initial all' speed range from zero to 120 fl. / sec . with good contro!. 

(4) Compressed air supply with combustion facilities , if required, to permit 
examination of the interaction of je ts and installation of a ir driven turb ines in the 
modeis. 

(5 ) 
suction, 

(6 ) 

(7) 

(8) 

(9 ) 

Suction supply to permit examination of air inlets and boundary layer 
and to permit evacuation of the tUIUlel under specific circumstances. 

Provision for icing studies . 

Force measurements (lift, drag, 1'011 and pi tching moment) . 

Simulation of ground effect or its absence. 

Structural des ign and arrangement to permit 

(a) completion of the circuit to form a c losed tUimel a t some future date , 

(b) installation of additional fan power to increase tunnel velocity by a 
factor of approximate ly 2, 
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(10) 

(11) 

(e ) opera tion a t r educed presBure if the c ircuit was completed , 

(d) rotation of tbe working sectio n through 90 deg. 

'Turbulence levels lower than O. 1 percent. 

Minimum cast. 

After due cons lderatton of these requirements and existing factlities, 
tbe following sche me was dec lde d upon: 

(1) Working Section: 10 ft. wide by 20 ft. high by 40 ft. long, with pro-
vision for rotating 90 deg. , 

(2) Power Plant : Initia lly lOOD-ho p. Ward Leonard drive to give a ir speed 
to 120 ft. l aee . • w lth provision to take aD BOOO-h.p. (ree tu rbine (to gtve a ir speed 
approximate ly 250 ft . Isee. ). 

(3) Contraction Ratio: 6 to I, 

(4) 
Effectlve Fan Area 2 
Working Section Area 1 

(5) Fan: Hub! tip ratio 0.5; a high Bolid tty fan was selected to decrease 
sensitivity to lnlet tu rbulence a nd cross wind. The design wil! permit oper a tion at 
a ll power le ve ls up to 9000 h. p. by changing the speed. The fan has 16 wooden 
blades with a tip diameter of 26 ft. 

(6) Structure : Steel to withstand a vacuum of 28 in. Hg. 

As soon as the preliminary design was completed, a 1/ 12-scale model 
complete with fan was cons tructed, and thi s r eport deal s in detail with the tests made 
on this m odel. 

Part I of tbe report deals witb investigations of sever a l diffuser-screen 
combinatIons a nd witb visual flowexaminatlon in the working section with a simula ted 
11 fan-in- wing" model in place. Since a ir was s upplied for these tests from the general 
laboratory supply, the lnlet bellmouth, fan a nd stator system were missing. The 
exit diffuser was a1so omltted in some of the tests. 

Part II i s devoted to tests of the enUr e layout incorpor a ting the selected 
arrangement of screened wide a n gle d iffuser plus a bellmoutb wUh flow provided at 
first by connection of tbe exit diffuser with a n exhaus te r set a nd later through the 
installation of the geometrically scaled down fan, located upstream of the working 
section. 

• 

• 

• 
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In tbe latter case thc exit diffuser was open to atmosphere . The tests 
of thls part cons tsted mainly of measurements of working secUon turbulence uslng 
hot wire equlpment , boundary laye r measurements at working secUon 10let for two 
s ll ghtly different cont raction sections, working sectloD tota l head and ve loclty 
profHes, and working Bection longitudinal statie pressure measurement. These 
tests a re more closely specifted in Part 11 . 
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SE LE CTION OF AND BASIC TESTJNG OF A SUITABLE CONFIGURA TION 
US ING AN EXTERNA L AIR SUPPLY 

1. 1 Introduction 

In tbis part tests of several arrangements of the model tunnel are 
reported. The cylindrical fa n section, cons tant area s tilling section, contraclion 
secUon a nd a diffuser cormectillg the fan sectlon to the blown a ir s upply are common 
to all a rrangements . These are subsequently r efe rred to as fixed sections. 

Tests we r e conducted on the fo llowing arrangements: 

(a) Fixed sections plus thl'ee co mbinations of s ma lt a ngle and screened 
28-deg .• dlffusers between fan seclion a nd stilling section, with 
working section and exit diffuser removed (Fi g. 1. 2, 1. 4 and 1. 6) . 

(b) F ixed section plus screened 28-deg. diffuser plus working section 
with two sets of corner fillets (Fig . 1. 10). 

(c) Fixed sections plus screened"28-deg. diffuser with working section 
and exit diffu ser (Fig. 1. 19) . 

Most of thc tests were run at a working section ve locity of about 150 ft. /sec . at 
the exit from the contrac tion, a nd a Reynolds number of about 6 x 105 pe r foot. 

1.2 Tunnel Description 

Re levant dimensions a r e s hown In thc figures l'eferred to a bove . 

The fan seclioD, inlet and exil d iffusers and s tilling seclion were made 
of s heet meta!. Tbe central streamlined body, or bulle t. used to s lmulate the fan 
hub, was also made of sheet metal wi th a hardwood nose a nd was held in place through 
flxingto wire mesb scrcens in thc fan section. The inlet diffuser was built in s hort 
flanged sections to facilitate mounting further wire mesh scr eens necessar y far its 
successful aperation. 

The contraction section, which is the only section of the tUlUlc l to employ a 
double curvature surface , was made of moulded fibreglass a nd res in . 

• Total included angle . 
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The working section vertical sides were cu t from I-in. thick plywood, 
whUst thc top and battem were of !-inch thick plex iglass. Steel angle was used 
as framing for thc working secUon. Corner Cillets of hardwood we re fixed to thc 
plywood sides by wood screws. 

1.3 Instrumentation 

Dependent on configuration, statie pressures were measured at (rom 
27 to 38 points on a merldian of thc duet between tbe fan tnlet section and th,e 
stilling section inlet. The spacing of these points varled from 30 in. (between 
two points in the fan sectIon) to 2 in. (in the ne ighbourhood of thc screens) in the 
wide angle diffuser . 

A further 18 statie taps were distr ibuted in the contractie n section. 

The statie taps were effected in the steel work by drilling 1/16-ln. dia. 
holes and soldering s hort lengths of copper tubing (1/8-in. dia. ) on the exterior 
to cover the hole. In tbe sections constructed of fibreglass or plywood the tap 
was made by sinkJng a short length of copper tubing into the waU so as to he flush 
with the internal surface. Connection with a Meriam fluid manometer bank was 
made through plastic tubing. 

Some total pres su re distributIons In the working section were obtalned 
using a probe in the form of a steel tube 1/4 In. In dia. having a .025-ln. dia. 
hole drilled normal to lts surface. 

Boundary layer surveys were eHected with a small conventional total 
pres su re probe having a diameter of 1/32 in. The pro be position from datum was 
set by a micrometer head built into the supporting rig. 

Further total head surveys were made, notably In tbe vertical plane 
behind a standard aerofoilln the working section , using a rake ha ving 1/16-in. 
d ia. tubing at I -in. pitch as probes. 

Fluld level in the m anometer tubes was estimated by eye using 
magnifying lenses. Except in certain cases (at some points behlnd the aerofoil 
section) lowest total pressures were of the order of 1 in . of water gauge 80 that 
errors in r eading were never more than 3 percent and for most points were about 
1 percent. 

Tunnel flow was measured with a standard 7-ln. dia. orifice plate inserted 
in a lO-In. pipe upstream of the fan section inlet. 

Jet flow rate (for the simulation of a fan-In-wing model) was measured 
using a standard 1. 7-in. dia . orif1ce plate in a 2-1n. pipe . Tbe pressures assoc ia ted 
with these flows \Vere high enough to permit accurate measurement with mercury in 
glass manometers . 

• 
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given in FJgure 1.8 shows a pronounced over-all decrease through the wide a ngle 
diffuser owing to the large total head losses of the large number o( high solldity 
screens. 

Approxlmate calculations indicate that test s I , 2 , 3, 4 and S produced 
tota l head losses «(rom station 27 . 5 to the exit from the contraction section) of 3, 
9, 3 , 9 a nd Slb./ft? respective ly . 

Because of lts r e latively good aerodynamic performance and short 
leogth(2 . 5- deg. diffusers eliminated) and because it also employed robust screening, 
the layout of Configuration 3 wUh screens , as given in Figure 1. 9, was decided on 
a nd all further tests involve d thi s 1nlet diffuser system . 

The results of the boundary laye r traverses a r e shown 1n Figures 1.12 
and 1. 13 plotted as the ratio of dynamic head in the boundary layer to that in the 
free s tream against perpendicular distance from the wall. A compartson of tbe 
profiles for station 116 with those of s ta tion 156 shows the boundary layer growth 
that takes place along the le ngth of the worldng sect ion. Pressure measurements 
s howed cons ide rable variation in dynamic head to exis t locally. This latter 
feature m ay in part be due to the poor junction , with a discontinuity in wall s lope , 
where the contraction section meets the working section (an approximate calculation 
ustng the fiat plate formula 6/x = O.154/RE1/7 indieates tha t a turbulent boundary 
layer 0 . 2 in. thick at station 116 (entrance to the working section) would increase 
to 0. 9 in. at station 156). 

Figures 1. 14 and 1.15 s how the static pressure distribution over a length 
of dllcting , including some of the contraction section and the whole of the working 
section, exhausUng direc tly to a tmosphere. Tbe results given in Figure 1.14 were 
obtaioed with a constant geometric flow area along the working section obtained 
using constant cross-section corner fillets. Tbe use of tapering corner fillets 
giving a n increasing geometrie flow area gave the results shown in Figure 1. 15. 
These exhibit a more nearly constant statie pressure along the working section 
length tha n do those o f Figur e 1. 14. Subsequent tests involving the use of the 
working section were made wUh thc tapered fillets in place. Figure 1. 16 ·shows 
the total head profiles (with tapering corner fillets) in the vertical piane in tbe 
worki ng section for two settings of working section veIoclty. The traverses wcre 
made of( the centre Une and 7 in. downs t ream of the inlet to the working section . 
Figures 1. 17 aod 1. 18 illus trate total head profiles taken a long the vertical centre 
lines of the wor king section a t inlet a nd outlet fo r Configura tion 4 , i. e . without the 
exit diffuse r. In these tes ts an aerofon (10-in. chord ) spanned the sectIon hori-
zontally a nd measurements were made for aerofoil incidences of 17 deg. (CL ) 
_30~~ ~. 

Figures 1. 2 0 and 1. 21 give long itudina l statie pressure distribution for 
the work ing secUon with the exit d iffuser attached as indica ted in Figure 1. 19. 
StatIc taps were placed so as to give the pressures along three meridians . The 
results of Figure 1. 20 are for a n e mpty tUimel, whilst Figure 1. 21 s hows distribu
tion wlth the aerofoil at 30 deg. It is appa r e nt that at stations near the ae rofoil 
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considcrable pressure gradients exist across lhc working section which may be 
expected from a relativcly large model al high incidence . Figure 1. 22 indicates 
a bfriy uniform velocity profile for an empty tUMel at thc working section ex it 
whcn viewed with the results of Figure 1. 20. Likcwlse it may be concluded from 
Figure 1. 23 that, apart from a quite thick boundary Iayer and some asymmelry, 
thc total hcnd profile at station 194, about half-way belween thc end of thc working 
section and thc tunnel exit, is a150 fairiy uniform . Figures 1. 24 and 1. 25 indicate 
thc same 501'1 of flow al tunnel exit as at station 194. Thc greater lhlckness of thc 
boundary iayel' in thc horizontal plane Is probably a re sult of thc grealer diffusion 
in this plane. The pressure levels of test 10 we re observed to be steady. 

The addition of the exit diffuser has apparently exerclsed some tnfluence 
for the better on total head profiles in the working sectIon . A comparison, of the 
total head profiles at station 117 (inlet to working section) for the aerofoil set at 
30 deg. incidence, between the results of test 9 (Fig. 1. 18) and test 11 (Fig. 1. 26) 
shows a more uniform distribution of total head when the tunnel was run wUh the 
exit diffuser. It is also clear that, without the diffuser, the aerofoil at 17 deg. and 
30 deg. incidence affects the flow in the working section more than when the dUfuser 
Is fitted. Tbere is a considerable 10ss of tota1 head across the entire working 
section in the absence of the diffuser from the measurements made at station 156 
(Fig. 1.17andl.18). 

Some total head readings were taken in the vicinity o f the enlrance and 
are shown in Figure 1.27. Curve A, taken upstream of where the fan would 
normally be, is obtained from a horizontal traverse at station 5 and exhibits about 
0.3 in . of water difference between thc lowest and highest va lues . It is expected 
that with a bellmouth entry to a fan there will he no sueh asymmetry . With a 
natter profile at station 5 it is to be expeeted that the curve marked B in Flgure 1. 27 
would not fall off quite 80 rapidly at the wall. Howevel', under proper operating 
eonditions , the total head at station 32 (curve 13 in Fig. 1.27) w ill depend on fan 
performance as weU as fan inlet profile. The variatien in total pressure along the 
length of the tunnel is shown in Figure 1. 28, in a non-dimensional form, for three 
tunnel configurations, i. e . complete tunne l , less exit diffuser and less exit diffuser 
and working secUon. 

With the usual nomenclature for total head 10ss between any two sections 
of a duct we have the pressure loss factor K for the tunnel between stations 32 and 
232 given by K = 1. 07 - 0.28 = 0.79, based on the dynamie head in the working 
section. 

Working section total pressure profiles in the vertical plane at a station 
bebind a simulated fan-ln-wing model are shown in Figures 1. 29 and 1. 30 for jet 
velocities of about 585 ft. /sec. ::tnd zero, and working section air velocities of 
168 ft . /see. and 68 ft. /see. These profiles are of no great practical significanee 
since a large part of the tetal he ad loss in tbe ma in flow is due to tbe eircular 
section pipe leading the jet air to the model. Flgure 1. 31 is more informative sinee 
from fIoor pressure platting under the aerofoil some idea of the location of impinge
ment of the jet on the noor is obtained. The sensitivity of the maximum pressure 
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point to thc ratio of jet velocity aml tunnel velocily is marked . Reduction of working 
sectioll vclocily to 140 ft./see. l'esulted in the jet momenL:'\rily r eaching the noor. 
Stcady prcssul"c mcaSlIl"cments CQuid not be taken wlth the manomete rs and this 
result was obtalncd by observing the move ment of the manometer f1uid and with 
tufts . 

Tests 17, 18, 19 and 20 consisted of an cxamination of the How produced 
in thc working section with a fan-in-wing model simulated by a high velocity jet 
blowing through a hole in thc model wing. Tests 17 and 18 were performed in a 
closed working section with the floor area under thc jet slotted and ducted back 
into the working section downstream of the model. Tests 19 a nd 20 were made 
with the flool" and cciling of the working section removed for comparison purposes. 
Flow observation through the usc of lufts fastcned to the walls was made and 
Figures 1.32 and 1 . 35 inclusive demonstrate the results . Comparison of Fig
ures 1. 32 and 1. 35 indicates that the simple ventilated floor is quite effective in 
produeing a flow vet"y similar to thal existing with top and bottom of thc tunnel 
removed. It is emphasized that these particular tests were tentative. FUt"ther 
work will be required to determinc what corrections wiU be necessary to obtain 
real aerodynamie characteristics o f VTOL aircraft in the trans ition mode from 
force and moment measurement and pressure plotting in this kind of facility. 

lil tests 17 and 18 the vent entrance was positioned to straddle the 
stagnation streamline of the jet as far as the fiool' preSSUl"eS obtained in tests 
wUh the unvented floor would allow" 

1. 6 Conclusions 

(1) The layout of a VTOL englne tunnel has been determined combining 
reasonably good aerodynamic characte risties with relatively short length and hence 
fairly low structural weight. 

(2) Thc use of a wide anglc diffuser between the fan and the contraction 
section necessitates the use of seven wire screens which incidentally will aid in 
dispersing large scale turbulence. 

(3) The total pressure loss factor wUl be about 0. 8. A value of 1. 0 was 
taken for performance calculation. The differenee in pressure 10ss factor will 
only allow about 6 percent increase of working seeUon velocity over the design 
value, for an empty tunnel. However the drug coefficient of a mode l ean be 20 per
cent larger than that allowed for in the design calculation for the same flow and 
power input. 

The energy ratio is expected to he rather less than that of a conventional 
non-return wind tUimel owing to the diffusion introduced between the fan and the 
working section. 

(4) The means fOl" providing flow in these tests was far from ideal. Tt is 
known that asymmetry of flow cxisted at what was termed the Inlet to the tunnel. 
Operation with a scaled f::m inside a smooth bellmouth inlet should improve the 
flow in the working section . 
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(G) Furthcr \Vork wil! bc !"c<!uircd to dotol'll1inc tho oo:st fnrm of vcntl-'<.l noor 
rOl' thc tcsting of modcls whic h lIse vertiea l :lil' jets . 
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THEORETICAL CALCULATJON OF SCREEN LOSS COMPATIBLE 
WITH OVER-ALL AREA RATIO REQUlRED AND A VAILABLE POSITIONS 

FOR SCREEN POSITJONING 

As inferred in Reference 2 the screened wlde angle diffuser Is able to 
provide unseparated now at exit because the effect of the Bereens is to energize 
the otherwise thick boundary that would (orm and ultimately lead to flow break
away. Tbe necessary energy cornes from tbe main part of the stream that would 
othe rwise flow through the centre regian of the diffuser. The turbulence introduced 
by screening provides the necessary vehtcle for transferring some of the energy 
of the normally unaffected part of the stream ioto the boundary layer. 

The net effect is a tendency to hold the stream statie pressure constant 
in spite of the geometrie area increase along the diffuser. 

With the postulation that the statie pressure along a diffuser does remain 
constant exeept in the immediate vicinity of the screens the problem degenerates 
to the simple Rankine-Froude theory applied to a windmill. 

The following derivation is essentially that given in Reference 2 and is 
included for convenienee. 

In the sketch let an tsolated screen be at position '1' and consider two 
planes '0 ' and '2 ' on either side. Statie pressures and velocities are as indlcated 
in tbe sketch and tbe flow is incompressible. 

'2' 
'0' 'I' 

I 
Po 

I 
PI I P2 Po 

V ! VI V2 0 I - i 
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(10) 

(11) 

Inspection of (10) shows that this analysis sets an upper limit to K of 
4 above whtch the expres sion for AZ/ Ao becomes meaningless. 

Setting K max, = 4 gtves = Z. 

For any gtven diffuser to he screened tbe location of tbe screens should 
be establt shed and the ratios of the mean cross-sectioned areas between any two 
sections found. 

In the sketch below if A, B, C. etc . are the locations of the screens and 
.!.!. KA' KB. KC' etc. are the respective screen loss coeffic ients then the mean areas 

AAB' etc. are found. 
D 

B 
C 

A.....___ 

----
'-----

Referring now to Figure 1. 6. the cross-sectional areas at stations 29, 
31, 35 , 39ft, 44!, 491 a nd 54! were lound, 

Transposing of equation (10) gives 

K = 
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Then 

where the subscripts refer to the station. 

4(A
35 

- A
31

) 

(A
35 

+ A
31

) • etc. 

The followlng table gives the theoretical values of K for each screen. 

TABLE I 

THEORETICAL LOSS COEFFICIENTS 

Screen Station A(ft~) K 

29 2.76 

A 29 0.33 

31 3. 25 

B 33 0.486 

35 4.15 

C 37 0.42 

391 5.125 

0 42 0.364 

44~ 6.15 

E 47 0.307 

49l 7.175 

F 52 0.267 

54! 8.2 

G 57 8.7 0.12 

The aotual value of K is a function of screen solidity and wire Reynolds number. 
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A vailability of mesh led to the use of screens as tabled in Figure 1. 9 and 
tbe actual values of K are tabled below. The screen Reynolds number iB baaed on 
the ideal velocily at the screen for a working section velocity of 166 ft. laee. 

TABLE IJ 

ACTUAL LOSS COEFFICIENTS 

Screen Re Solidlty K 
% 

A 840 22 0.25 

B 700 30 0.42 

C 560 30 0.42 

D 500 26 0.32 

E 425 26 0.32 

F 370 26 0.32 

G 290 30 0.5 

With the exception of screen G the aclua l values are not too far removed 
irom these obtained by calculatIon. 

Reference to Figure 1. 9 demonslrates that the Bereens actually used do 
e(fectively held tbe statte pressure constant in the wide angle diffuser and it was 
decided that na great advantage would be obtained by following more c losely ttie 
values of K gi ven in Table 1. 
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TESTS WITH THE ADDITION OF A BELLMOUTH INTAKE AND DRlVlNG FAN 

2.1 INTRODUCnON 

The work reported in Part J is devoted to evolving a satisfactory configura
tion in the absence of the usual bellmoutb intake, owing to the means then at hand of 
driving the tunnel. Subsequently it became posslble to connect with an exhauster set 
capable of inducing a Oow of about 130 cu. ft. /sec. of free air through the working 
sectioD, giving a working section velocity of 100 ft. /sec. 

With the tunnel being run in this manner tests to determine the suitability 
of the bellmouth entrance could be made . 111e desire for simplicity and low cost 
fabrication led to starting with a very simple inlet which was somewhat sharp 
lipped but potentially easy to make at fuU scale. Subsequent smoke tests demonstrated 
that a more complicated profile was necessary to reduce edge losses due to turbulence 
caused by a sharp lip at the inlet. 

The introduction of a driving fan brings in a new factor which in general 
will have a powerful effect on the performance of the tunnel compared with that 
obtained by driving through a supply of compressed air as in Part I or by connection 
with the exhauster. Tbe fan performance characteristic is of importance since 
knowledge of lts shape will permit one to predlct the effect of model size on the 
twmel performance. 

Thc fan motor power in the model is 25 b. hp. which is equivalent to 
approximately 3600 b. hp. at ruu scale. Use of thls power should entail a 50 percent 
increase in velocity over that obtained with 1000 b. hp. input. 

2.2 TunnelDescription 

2.2.1 Flow Indueed by Exhauster Set 

Figure 2. 1 shows the tunnel diagrammatically with the connection to the 
exhausters. 

It is seen that the bellmouth has been added immediately upstream of tbe 
station 0 referred to in Part I. Figure 2. 2 shows the relevant dimensions of the 
inlet before and af ter modificatlon. Apart from tbe addition of the bellmouth tbe 
tunnel configuration is identical with Configuration 5 of Part I. A conical duet was 
used to connect tbe exit of the diffuser to the inlet of the exhauster set which was a 
laboratory fixture . In the tests on this set-up Station '0 ' , which is at the junction of 
the bellmouth and tbe fan sectioD, is in the same position, relative to the other 
secttons, as in Part I. 
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2.2.2 1\mne l Egutpped wUh a Scaled Fan 

Figure 2.3 s hows a sche matt c of the general flnal farm of the model 
tunnel. 

F igures 2. 75 and 2 .76 s how a three-quarter view and a c lose-up of the 
fan, respectively. 

Two cha nges have been made for th is arrangement. The fan section is 
3 in. shorter than that used in the tests with the exhauster set and those te5'ts 
described in Part I. Secondly. tbe contraction section Is the one found to he the 
more s uitable following the exhauster set tests. 

Station '0' referred to in these tests is at the junction of the bellmouth 
and the cylindrical fan sect ion a nd, because tbis section has been shortened, station 
num be r s of other components a r e r educed by comparison with those in P a rt land 
the exha uste r set tes ts (e. g. working section e ntra nce, formerly station 116 will 
now be r e ferred to as station 113). 

Figure 2.4 gives some of the fa n details . Rotor a nd stator blade sections 
are basic C4 profiles on a circular arc camber line. For the rotor the camber at 
the mean diameter Is 13. 6 deg. , whils t the stator camber is 50. 5 deg. along the 
l ength . Sta.gger angles are 67.1 deg. a t mean d iameter for the rotor and 15.2 deg. 
a long the length of the s tator . 

Rotor thickness/chord ratio va ries from 15 perce nt a t the root to 10 per
cent a t the tip, while the stator value Is constant at 15 percent. 

At the mean diameter the design angle of a ttack is -2 deg. 

There are 16 rotor blades a nd 15 stators . 

2.3 Instrume ntation 

A s moke generator set was used to make visual observation of the flow 
around the intake Ups and in the contraction section. Quantitative m easurements 
of turbule nce in the working secUon and in the e ntrance 10 the fan secUon were 
made using the Shapiro- Edwards hot wire a nemometer . The control gear makes 
ft poss ib le to hold lhe anemo m e ter wire c urrent essentia lly constant through a 
stabie , high gain, feedback control system. 

Tbe hot wire probe was constructed by we lding a length of fine tungsten 
wire (. 0002- in. nominal dia . ) across the e nds of two steel needies held parallel 
to each other in the probe bodyi>. The wire le ngth was about 0.1 in. giving a 
le ngth / diamete r ratio of 500/1. The ins trument sensitivity to rapld heating or 
cooling is e nhanced by using large raUos . Figure 2 . 5 shows the construction of 
the pro be and Figure 2. 6 ouUines the arrangement of thc compone nts of the e lectronic 
equipment. 
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Pressure mcasurements were made uslng Kiel total head tubes, a simpie 
round nosed total head tube, waIl statie taps where appUcable. and a sphere type 
static pressure probie. 

Statie and dynamic pressure profUes in the working section behind a 
wing set at 30 deg. incidence were made ustng a 20-tube totai head rake placed 
in the vertical piane followed by traversing with thc sphere type static probe 
along the Unc of thc rake tube heads (af ter removal of the rake). 

Flow angularity was observed using a wedge type yawmeter with vernier 
reading on the angular scale. Angular changes -of 0.1 deg. could be mcasured. 

2. 4 Outline of Tests (Exhauster Driven Tunnel) 

2.4 . 1 Smoke Tests 

The smoke generator was positioned ahead of thc tunnel and set to give 
a filament of smoke flowing over the inlet. The visual flow was photographed 
(Fig. 2 . 77). 

Smoke was also admitted into the stilling sectioD 50 that thc flow near 
the waU of the contraction sectioD could he noted . A plug waU fitting was manu
factured which gave an entrance angle of 30 deg. to the stilling section wal l. 
Viewing was made by eye through holes drilled in the contraction section diametrically 
opposite the point of admission and also by Iooking upstream through tbe transparent 
ceiling of the working section. 

2 . 4.2 Boundary Layer Tests 

The probe uBed was as described in Part I. Profiles at station 116 
(working section entrance) were obtained at intervals of 1/8 in. around one of the 
corners. Figure 2 . 7 shows the location and direction in whicb the traverses were 
made . 1'0 allowentry of the probe a slot was cut in the ceiling of the working section 
but care was taken to seal tbe aperture during measurement. Measurements were 
made with the original contraction section, as used in Part I, and with aD improved 
section which was designed to make a better jWlction with the working section than 
the original. All measurements were made with a working section velocity of 
80 ft . Isec. 

2.4.3 Turbulence Measurements - Hot Wire Anemometer Tests 

These tests were made only with tbe modUied bellmouth since the simple 
smoke tests made it obvious tbat the sharp-lipped entrance was giving a poor flow . 
The modifications consisted of rounding out the lip witb a 1 1/8-in. radius curve 
blended into the 12-1n. radius section. Surveys we re principally made in the working 
section 17 3/4 in. downstream of the working section inlet. They took the form of 
horizontal traverses at heights of la 1/4 and 1 3/4 in. above the floor. A further 
traverse was made along a horizontal radialline at station 15 1/4 (probe in the 
annulus formed by the bullet and the fan section waU). 
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In these tests working section velocity was held at 60 ft. /see .• wire 
current var led from 40 to 60 ma. and wire resistance measured at each value of 
the current. 

2 . 5 Outline of Tests (Fan Driven Tunnel) 

2 . 5.1 Working Section Flow Properties 

Totai head traverses in a horizontal direction were made using a .Kiel 
probe at three heights above the working section floor at station 129. Fan speeds 
of 1670 , 2510 and 3340 r.p. m. were employed (corresponding to driving motor 
speeds of 600, 900 and 1200 r. p. m . ). Statie pressures along a sidewall centre 
line were a150 recorded. These measurements were made for an empty working 
section with and without the exit diffuser attached and with a range of wooden inserts 
placed in the working section, with and wi~hout the exit diffuser. The range of 
inserls used allowed the minimum area in the working secUon to be reduced to 
30 percent of the fuU flow area. A typical inse rt is shown in Figure 2.8. 

An undesirable featu re of the thicker ins erts was that flow breakaway 
occurred just downstream of the minimum section owing to the large divergence 
angles necessitated by the fixed working section length. 

The purpose of employing the inserts was to obtain some idea of tbe 
increases in minimum section velocity that might be obtained through a procedure 
of this kind and as an incidental it has also given results from which an approxima
tion to the fan characteristlc could be made, using these results with the total head 
losses given in Figure 1. 28 . Traverses to obtain velocity distribuUon across the 
working section were made using a Kiel probe and a ball type statie probe. 

Pitch and yaw of the airstream with respect to the centre ILne were 
measured with a wedge type yawmeter . These latter tests for velocity profile 
and flow angularity we re conducted with the twmel in Configuration 12, i. e. with 
the inlet diffuser screens removed and vortex generators substituted to provide t he 
mixing necessary to proper diffuser operation. 

2.5.2 Boundary Layer Tests 

Measurements were made as outlined in the section on the exhauster 
driven flow (see Fig. 2.7 for the traverse lines) . In addition, profiles were 
obtained along a sidewall centre line at stations 115 1/4 , 133 and 150 5/8 with 
working section veloeities of 60, 95 and 120 ft. /sec. (Note that the junction of 
contraction section and working section is now referred to as station 113. ) 

2.5 . 3 Thrbulence Measurements - Hot Wire Anemometer Tests 

Measurements were mainly restricted to the inlet and the working sectio n , 
but a few tests were made ahead of the intake and the stilling section. Traverses 
we re made as outlined in Section 2.4.2 for two heights above the floor, 173/41n. 

• 
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downstream of the ent rance to the working section. A working section stream 
velocity of 60 ft. Isec. was used to provide a direct comparison wlth the re su lts 
obt..'llned from tests with the exhauster set. In this way the quantltatlve effect of 
thc fan can be assessed . 

Additionally the effect of alrspeed has been dete l'mined through testing 
up 10 alrspeeds of 160 ft. /see . Thc decay of turbulence a long the working section 
hus a lso been investigated by traverses made near the entrance and exit respectively. 

2. 5.4 Wide Angle Exit Diffuser 

To reduce the cost of construction It was decided to test a wide angle 
exit diffuser equipped with vortex generators . The form of thls diffuser is shown 
in Figure 2.9 . The area ratio between its exit and entra nce is 2 and mixing is 
initlated lhrough 24 vortex generators of cambered sheet metal form . These were 
placed wUh their 1/4 chord points at station 151 3/8. Sets of four were placed 
each on the roof and floor respectively and tbe remainder attached lo the vertica l 
walls. 

The arrangement was that a lternate generators had equal Incidence and 
such that the corner flow passed between two generators having oppos ite stagger. 
i.e. a converging passage was formed at the corner. 

Tests were made for a range of vortex gene r a tor angles with tbe working 
section empty. Further tests were made with vortex generators a t 16 and 10 deg. 
incidence and employing a "two-dimensional " wing in the working sect ion at 15 and 
30 deg. incidence. 

The effect of a large obstruction in the working section on the operation 
of the wide angle exit diffuser was checked by measuring tbe static and dynamic 
pressure profiles behind a wing (described in Section 1. 2) fixed horizontally at 
mid-height for 30 deg. incidence wUh the 1/4 chord axis at station 132. 

Pressures were measured In th ree vertical planes (5 in .• 3 in. and 1 in. 
from the sidewall) using the 20-tube total head rake which spanned the working 
section vertically and tbe sphere type static probe referred to in Section 2 . 3. 

2.5.5 Wet Diffuser Tests wUh Screens Removed 

Whilst there was no doubt as to the effectiveness of multiple screens in 
promoting fuU flow in the wide angle inlet diffuser . 1t was real1zed that this filling 
is only obtained at the expense of diffuser pressUl'e recovery. 

lt was decided worth while to attempt to run the tunnel with these screens 
removed and vortex generators placed upstream of the diffuser entrance, their object 
being to energize the boundary layer and pre vent general separation. 
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A tatalof 90 vortex generators was placed in thc fan s ta tor s paces, 60 
being fixed to thc outer wall and thc remainder to thc su rface of thc bullet. Thc 
tes t was of a c ut nnd try nature s ince nothing was known of thc boundary layer 
thiclrness in tbc stator spaccs aod thc flow direction was ouly a pproximately known. 
Vortex generators of O. 5-1n. c hord a nd O. 35- ln . span were employed. They we re 
formed from O. 032-in . thick brass plate with 8 percent camber. Thc 11' angular 
setting wtth respect to thc axial dir ection was found by trial. Thc usefulness of 
thc vortex generator in preventing or delaying separation in a diffuser depends to 
some extent on the ratio of span to boundary tayel' thickness a t thc piane of thc 
vortex generators. However, in this case, the boundary layer thi ckness may he 
expected to he strongly influenced by the presence of the vortex gener a tors, so 
that it was necessary to gucss the thickness a nd oversize tbe vortex generator 
span to allow for late r s horte ning if that s hould prove necessary. 

2. 5.6 Fan Characteris ti c 

An approximation to tbe fan char acteristic could he obtained through 
measurements of total head and statie pressures in the working section, using the 
inserts for applying resistance to flow, and employing tbe pressure losses between 
fan outlet s ta tion a nd working section whic h were r eported in Part I (Fig. 1. 28). 

However, this experimental procedure was cumbersome s ince installation 
of the blocks entailed dismantling the exit diffuser and, in a ny case, it was felt tbat 
the more direct approach of measuring total head behind the fan stators would he 
preferabie. Flow restriction was obtained through the use of a r ectangular butter
fly val ve installed at the rear of the working section. Move ment of the val ve was 
made through worm gearing. The air weight aow was obtained through rneasure
ment of velocity a t working section entrance . Fan outlet tatal pressures were 
measured using two 8-tube total head r akes placed in two differing angula r positions 
in the stator spaces behind the fan rotor. The pressures were recorded on a 
multituhe manometer. 

P ressures were r ecorded for constant non-dimensional fan s peed lines at 

intervals of 300 r . p . m., sturting with ~ = 1200 r. p. m. and rt s ing to 3300 r. p. m. 

The weight flow range was obtained us ing butterfly a ngles irom 0 to 24 deg. in steps 
of 3 deg. with the working section exhausting directly to atmosphe r e and from 0 to 
12 deg. in s teps of 6 deg. with the long ex it dilfuser attached. 

2.5.7 Thick Strut at Intake 

The additi on of a n 8000 b. hp. free turbine drive for the fan eaUs for a 
mea ns of supplying approximate ly 90 lb. of hot gas per second to the fan driving 
turbine (s ituated in the bullet) a nd ior piping the exha us t gases away. It was 
decided that two pipes should run vertically acr oss the intake mouth lnto the bullet 
a nd that both could he enclosed in a symmetrical s trut section of 11-ft. chord and 
a fineness ratio of 3. 
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A wooden model of the proposed strut was mounted, as indicated in 
Figure 2 .4, interposed to bisect the angle between the 10wer two bullet support 
struts. 

Wake trnverses wcre made at station 15 (2. 5 1n. upstream oC fan LE 
at various binde heights) to check on the strength of the wake that the fan would 
e ncounter from the proposed strut. It was reared that a strong wake would give 
rise to unpleasant or dangerous fan vibration. 

A Curther traverse was made in the working section to check on the 
presence of the wake the re. 

2.5.8 Crosswind Tests 

With the reservation that the proper s imulation of the effeeta of external 
winds on the working of the fan and on the now in the working seetioD was impossible, 
owing to the laek of menns of providing (n) a n external wind of suffieiently large au 
extent a nd (b) correetly sealed surroLUldings, it was deeide d to inves tigate the working 
section flow with a limited crosswind at right angles to the intake . A duet was 
eonstrueted and ereeted so that a quite uniform alrstream extending from floor 
level to a heigilt of 6 ft. w1th a width of 1 Ct. was direeted ae ross the bellmouth 
entranec. Three large eooling Cans were installed in the duet and were able to 
provide a stream oC 19 ft. /see. at the duet exit. Wjth the crosswind blowing, 
total head and statie pressure profiles were measured in the working seetioD and 
used to deduce the velocity profile. 

2.5.9 Flow in Working Section with a PerCorated Floor 

For the testing of large Can-in-wing models it was decided neeessary to 
obtain an effeetive inerease in working section height. This would eause fan flow 
to discharge more readily downstream . For tbis purpose a weU 5 ft. deep running 
the length and breadth of the working seetion was suggested witb a light melal grid 
Corming the support for the normal solid floor which would be ins talled for aero
dynamie testing of models sized to the working section. 

A plywood box with open top was fitted in plaee of tbe normal working 
seetion floor. Simulation of the grid was attempted by using a screen of wire mesh 
(4 x 4 to the inch with wire diameter of . 032 in . ). 

Measurements of velocity and flow angularity were made wUb tbe floor 
eompletely open to the well and also for the following partial bloekage: 

Stations 113 to 12 3 - bloeked 

Stations 123 to 133 - open 

Stations 133 to 14 O~ - bloeked 

Stations 140t - 143 - open 

Stations 143 to 153 - blocked 
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2.6 Results (Exhauster Driven Tunnel) 

2.6 . 1 Smoke Tests 

Qualitatively, the tests involving smoke flowing over the inlet suggested 
that there was nothing unreasonable .'lbout the contour of the modified bellmouth 
(Fig. 2.77) , while that of the basic sharp-lipped entry was seen to be obviously 
unsuitable. The form of this part of the intake was obt.'1.ined without reference to 
aerodynamic design, it having been dec ided that the eITort involved in arriving at 
a contour by approved methods would , in tbis caSe, only marginally improve the 
flow. For these tests the exhauster flow was adjusted to give a velocity of up to 
100 ft. /sec . in the working secUon. 

Admittance of smoke into the stilling section showed up a certain 
unsteadiness in flow in the contraction section. Smoke admitted approximate ly 
tangential to the wall at the point from which it flowed close to the generator of 
the contraction secUon, which meets the working sect ion floor centre line, was 
seen to he unsteady. At a very low velocity in the stilling section, corresponding 
to 30 ft. /sec. in the working section, the smoke filament was seen to oscillate 
with a constant amplitude judged to be about 0.5 in. Increasing the flow to give 
a velocity of 65 ft. /see . in the working section produced a definite c hange in the 
smoke pattern. The amplitude of the smake oscillation changed with time, rising 
from a m inimum of aOOut 0.5 in. ta .'lbout 2 in . , then decreasing, in a periodic 
manner. The appear.'lnee of the smoke train suggests that the airflow was being 
disturbed by two sourees of unsteadiness having a s lightly different frequeney from 
eacb other, bence the ' heating' appearing in the smoke train. With flow increased 
to give 100 ft . /see. in the working seetion there was some change in appearance of 
the smoke. The minimum amplitude remained at 0.5 in . and the maximum amplitude 
appeared reduced eompared with tbat seen at 65 ft . /see. The frequency of side-to
stde fluctuation in thc Smoke increased wbile the frequency of ' be.'ltlng' remained 
as for 65 ft . /see. 

Admittance of tbe smoke so that it passed over one of the corners at the 
jWletion of tbe contraction and working sections showed tbc air flow here to be 
oscillatory wUb a constant amplitude. With a velocity of 35 ft. /sec. in the working 
section thc amplitude was estimated to he 0.5 in. rising to 1. 5 in. for 60 ft. /sec . 
then falling to 1 in. for 100 ft. /sec . and 0 . 5 in. at 110 ft. /see . in tbc working 
section. 

2 . 6.2 Bound.'lry Layer Me.'lsurements 

As has been st.'lted in Section 2. 3. 2 it was found ineonvenient to traverse 
the boundary layer at right angles to tbe wa11. All traverses were made in the vertical 
direction over the right hand upper corner of the warking section (viewed downstream). 
Typical profiles obtained are shown in Figures 2 . 25 and 2.27 - but it is emphasized 
that these are not true boundary layer profUes. The results are best presented in 
Figures 2.26 and 2 . 28 whieh show contours of constant velocity head obtained from 
the measured ' profiles' . It is apparent that the modifled contraction section bas 
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causcd thc boundary l:tyer at thc junclion of conlraction scction and workin g section 
to he considerably thilmcr tIKlIl that with thc original section . Prcsumably lhi s is 
due in part to the contraction scction having a constant geometriea l area over a 
length of 1 in . upstream from thc junction. The appcarance of lhe I profiles I 
suggcsts that in the test on the unmodified contractio n section transi tion has 
occurrcd upstrcam of thc junction, whils t for the mod ificd sect ion laminar flow 
may s till exist, as it should, in view of the s t rong favourable p r es s u r e gradient . 
It should, however , he stated that at the time of these tests thc or iginal section 
had seen much more service than thc modified section a nd had been ducting ho t 
a ir (see Part I) conlamina ted with pipe scale which had serious ly roughe ned the 
sUl'face. 

2.6.3 Turbulence MeasuL'ement 

An estimatc of turbulence intensity has been made at two longitud inal 
positions in the tunnel. Thc first position was at s tation 15 3/4 and a radial 
traverse was made here from a point 1/4 in . from thc duet waU to 5 in. from this 
wall. A traverse across to thc inlet bullet was not possible owing to the probe 
body being toa short. In th is longiludinal position the pro be was 3/4 in. ahead of 
the first screen . The results shown in Figure 2.34 give the us ual form of turbule nce 
intcns ity in a duct, that is a more or less constant level away from walis with a 
sharp rise in the vicinity of thc wal1. 

In these tests the probc body was held sa that the sensing wire was 
vertical. In this position it would sense the longitudinal component of the tu rbulence 
sa that the RMS value of the voltage across the wire will be proportional to the 
R MS value of u: 

e oc I:J 
wire 

The second longitudinal position was in the working section 17 3/4 in . downstream 
of the junction with the contraction sect ion (station 133 3/4). At this position 
horizontal traverses for hcights abovc thc floor of 10 1/4 in. and 1 3/4 in. were 
made (Fig. 2 . 35). The traverses ranged from 1/4 in . to 5 in. from the waU. The 

probc was mounted as above sa that again e. oc):2. 
Wlre 

Thc results indicate that thc frce stream tu r bulence is high both in the 
inlet a nd working sec tion, but not loo much reliance should be placed on the actual 
values shown. The estimate was made by observing thc output from the a mplifier 
on an RMS voltmeter and roughly estimating the pointe r mean pos ition while it was 
respondi ng to the rapicUy varying level of turbulence encountered. However it may 
he said, as Figures 2 . 34 and 2.35 indicate, that tbe in tens ily of turbulence does 
incrcase appr cciably betwecn inlet and working section mid-heighl. 
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The sharp incrcase in intensity as the wall is approached is typical. 
Owtng to the nature of the probe positioning device, it was not posslble to show 
the subsequent drop in turbulence which is encountered as the waU distance tends 
to zero. 

" The method. used was that of I Constant Current Calibration r developed 
by Datwyler2). In this paper it is shown that tbe lntensity of turbulence u r is 
given by 

u' e = 
2 

dR [1 1 2J è-) - (1°) 2 dl 

and 

u' = 
~u2 

U 

Referenee sbould be made to the section on nomenclature for definition of the 
quantities in the above expression. 

The high value of turbulence in the inlet may possibly he ascribed to 
the unfortunate posttiontng of the tunnel. Thc only location available owing to the 
means of running the tunnel was in a general machtnery room. The intake was 
unavoldably placed close to large fixed objects and the room suffe red from constder
able thermal gradients. 

2.7 Results (Fan Driven Tunnel) 

2 . 7. 1 Working Section Flow (Screened Inlet Diffuser) 

With the diffuser attached tbe results given in Figures 2.10, 2.11 and 
2. 12 show that the stream total bead was constant within 4 percent of the maximum 
over 60 percent of tbe working section widtb for tbe three fan speeds quoted and 
within 10 percent over 80 percent of tbe width. However some asymmetry in tbe 
flow is evident, particularly at the two lower fan speeds. Variation in total head 
in the vertical direction at points equidistant Irom the wall is seen to be ahout 
4 percent or less from that at mid-height so it may he inferred that about 40 percent 
of the cross-sectional area of tbe working section is running at essentially constant 
total head. 

Tbe introduction of higher back prcssures by removal of the diffuser a nd 
subsequent insertion of bloeks 6eems to r flatten out r tbe profile (Fig. 2.13 to 2 . 21 
inclustve). 



Page - 29 
LR-349 

At no time was there any Indicatlon of a severe fan stall. A reduction of 
working sect ion geOlnetrical area lo 30 percent of the unrestrleted area was obtalned 
by insertion of 7·ln. bloeks. Figul"c 2 . 23 is a form of fan c haracter lstie obtalned 
by restricting now wUh bloeks in the working section. The total head is that 
measured in the working section by traversing horizontally. At the lowest mass 
flows corresponding to each speed it appears that the constant speed line is heghming 
to assume a positive 510pe. 

Wall statie pressure distributions for three fan speeds are shown in 
Figure 2.22 and are compared for the original contraction section and the 
modified section. At thc lowe5t fan speed it is seen that the kink in statie 
pressure near the entrance to the working section has been removed by use of the 
modified section and that at the higher speeds the variation is much reduced. 

Figure 2.24 is representative of the changes in minimum section 
velocity obtained by restricting the working section area. 

2.7.2 Boundary Layer (Screened Inlet Diffuser) 

Similar traverses to those reported in Section 2.6.2 were made wUh 
the fan running and its speed set to glve about the same working section velocity 
as in the exhauster driven case. Thc t profiles t (Fig. 2 . 29) obtalned by traversing 
vertically as outlined in Section 2.6.2 show same resemblance to those obtained 
with exhauster flow, and the constant velocity head contours (Fig. 2.30) indicate 
that the boundary layer thiclmess at the junction of contraction section and working 
sect ion has been changed little by changing from exhauster lo fan drive (it i s to be 
noted that with the fan drive the modified contraction section onIy was used). 

Further traverses were made to nole the growth of boundary a iong the 
centre line of one working section sidewall. Three points we re selected a long the 
centre lioe, viz . stations 1151/4, 133 and 151 5/8. At each of these pos itions , 
traverses were made normal to the wall for a irspeeds of 60, 95 and 120 H./sec . 
The experimental points are shown in Ffgures 2 . 31 and 2.32. At station 115 1/4 it 
i s apparent that Howarth I s solution to the laminar boundary layer equations for a 
flat plate is a reasonabie fit at all lh ree speeds. At stations 133 and 150 5/8 a 
1/7th power law velocity distribution seems to he a reasonabie fit on the experi
mental points. Transition is seen to oecur at some point between s tations 115 1/4 
and 133 . Figure 2.33 shows the boundary layer growth along the working section 
sidewall centre line . A slight thinning down of the layer al station 150 5/8 with 
increasing speed is apparent. 

2.7.3 Turbulence Measurement (Sc r eened Inlet Diffuser) 

Measurements of the intensi ty of longitudinal turbulence ut were made 
mainly in the working section and in the inlet ahead of the fan. A rew tests were 
also made - ahead of the intake and in the stilling section. 
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The effect of a ve rtically running, circular secUon pipe, 32-1n. dia . at 
fuH scaie with its centre line 67 in. ahead of the bellmouth intake plane , was 
roughly simulated by placlng a wooclen cylinder (2.7-1n. dia.) 5.6 in. ahead o[ the 
intake. 

Figure 2. 36 shows a profile of u' in the working section for heights of 
101/4 in. and 1 3/4 in. above the floor at station 130 3/4 . The trend exhibited 
with the exhauster driven tUMel bas been reversed, the higher level now being 
101/4 in. above the floor, and at this height there has been some increase com
pared with tbe former results with the exhauster drive . For the tests giving these 
results the screening layout was identical with that for tbe exbauster driven tests, 
i. e. Configuration 3, Figure 1. 9. 

Same changes in screening were now made. Figure 2.37 shows tbe 
results with a n 18 x 18 mesh screen fixed over tbe intake. Tt appears tha t Uttle 
change has been effected a t the important working section posi tions, i. e . 101/4 in. 
above the floor. 

The 18 x 18 screen was removed [rom the intake and placed at the down
stream end of the stilling section (station 66). The results COl' measurements made 
at station 130 3/4, 101/4 in. above the floor (Fig. 2. 38) show little change [rom 
those with the screen over the intake. The application oC a 20 x 20 x .016 screen 
over the intake in addition to the screen at station 66 changed the shape of the curve 
but did not apprec iably alter turbulenee values near the centre (Fig. 2.39). 

At this juncture the probe was moved to tOO inlet (station 6 3/4). The 
typical results of a traverse are shown in Figure 2.43 and 1t is seen that the turbulence 
levels are very high (an order greater than in the working section). In contrast two 
points are shown, for the same probe station, which were obtained at a different 
time of day and these show the intake level to be of tbe same order as that in the 
working section. It should be said that these tests we re carried out in the winter 
time and that the heating system in the room is known to introduce marked thermal 
gradients . In contrast, the rneasurements in the inlet with the tunnel driven by the 
exhauster set were considerably lower - these tests were made during the summer 
when the shop heating system was not engaged. 

The most striklng point, however, is that the air in passage from 
station 6 3/4 through the fan and screens o[ the wide angle diffuser and stilling 
section and the contraction section attains a turbulence level which is largely 
independent oC conditions in the intake sinee the measured values wUh the above 
screens invariably attained a value of about 0.6 percent at the centre. The first 
appreciable decrease in turbulence was obtained by moving the 18 x 18 x .011 screen 
to station 54 and placing the 20 x 20 x .016 screen at station 66 . The turbulence 
profile Cor the arrangement of sereens is shown in Figure 2.40. 

The intensity was progressively decreased through the introduction of 
fine screens. Figure 2.41 depiets the results obtained wUh an 18 x 18 x . 011 screen 
at station 54 Collowed by a 50 x 36 x . 010 screen at station 66. Compared wUh the 
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results given in Figura 2.40 this arrangement has resulted in approximately 41 per
cent decrease for thc centre of the working section. The replacement of the 
18 x 18 x .011 screen by a second 50 x 36 x .010 gave Iurther considerabie improve
ment. With th is arrangement the intensity in thc centre of the working section was 
measured at 0. 15 percent (Fig. 2.42), i. e . a drop of 35 percent compared with the 
results obtained using one fine screen. 

A few t ad hoc I tests we re made with the 18 x 18 x .011 screen at 
station 54 and the 20 x 20 x . 016 screen at station 66 . The first of these consisted 
oI placing a cylindrical object vertically in front of the intake to simulate an 
unfaired gas feed pipe to a fan driven turbine which is expected as a future 
development of the tunnel. In the model a wooden cylinder 2. 7-in. dia. was used, 
mounted vertically at the intake. 

Tntensity measurements were made at station 130 3/4, 51n . from the 
wall and 10 1/4 in. above the floor. At a velocity of 60 ft./sec . the 'pipet effect 
was very marked - its presence contributed an increase of 90 percent. At 
100 ft. /sec. it was responsible for a 40 percent increase in turbuience. These 
figures indicate the need for a faired piping across the intake. 

The second test was a measurement of turbulence in the stilling section. 
Yalues were obtained at station 60 with thc probe at two points, viz. 1 in. and 
2 in. from the wall, and a working section velocity of 60 ft . /sec. The intensities 
measured we re 2. 15 and 2.22 percent respectively or roughly five times the 
largest measured value in the working section with these screens . With the 
assumption that the absolute value of the longitudinal turbulent veloeities does not 
change along a contraction section, then, since the contraction area ratio is six, 
the percentage longitudinal turbulence in the working section would have been one
sixth of those in the stilling section. 

2.7.4 Wide Angle Diffuser Tests (Screened Inlet Diffuser) 

The results for the efficiency of convers ion of working section dynamic 
pressure to statie pressure in the exit diffuser are shown in Figure 2.44. 

Tt is apparent that in terms of statie pressure recovery there is little to 
choose between the short diffuser with vortex generators and the conventionallow 
diffusion rate long diffuser . It is also apparent that for the three settings of the 
vortex generator angle of attack there is little change in performance. 

Figure 2.45 shows the efficiency for O'VG = 6 deg. and it is evident 
that this angle is in the range where angle of attack is critical. Thc similarity 
in shape between the curves for Q'YG = 10 and 6deg. is tbought to be noteworthy. 
Because of this similarity it seams reasonable tosuppose that below 10 deg. the 
dUfuser will be fairly sensitive to vortex generator angle of attack. A further 
point to be noted is that the efficiency becomes more dependent on the velocity at 
entrance to the diffuser as QlYG is reduced . The test results with a large obstruc
tion in the shape of a wing spanning the section (as in Part I) mounted with its axis 
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10 in. above noor level and at 30 deg. incidence are shown in Figure 2. 46. It 
appears that the severely distorted velocity profile behind the wing benefits the 
diffuser efficiency. A possible explanation is that the vorticity sheel by the wing 
aids the vortex generators in obtaining a more continuous mixing of the flow in 
the diffuser. 

2.7 . 5 !nIet Diffuser Tests w!th. Screens Removed 

The pressure recovery of the inlet diffuser with screens removed a nd 
vortex generators placed in tbe stator spaces is shown in Figure 2.47. Tbe' 
results are considered very e ncouraging, in view of the rough approach to obtaining 
the vortex generator slze and spacing, especially when the performance depicted 
in this figure is compared with that of Figure 1. 9. The t ideal t curves drawn on 
Figure 2.47 have been obtained by plotting tbe idea l pres su re rise fr om the geometry 

A
2 

. inIet 
of the duct, I.e. Poutlet - Pinlet = qinlet (1 - A2 ) to pass through the 

outlet 
experimental point nearest tbe iruet of the diffuser. On this basis the static pressure 
rise efficiency of the inlet diffuser is in the neighbourhood of 84 percent of the I ideal ' . 

Ouring the tests it was observed that the inlet diffuser wall statIc pressur es 
were quite steady, but of course this is an observation affec ted by the manometer 
r esponse time which is quite large. Wool tufts placed on the rear cone of the 
central bullet and along the length of the diffuser wall showed that some separation 
was occurring near tbe cone tip and at the corresponding station on the outer wall. 
To investigate further the flow state in tbe diffuser a radial traverse of total head 
was made at station 53, i. e . 1 in. upstream of the junetion of inlet diffuser a nd 
stilling section. The results of this test are shown in Figure 2.48 and indicate a 
satisfactory distribution of total head at diffuser exit. 

Further development could include modifying the planform of tbe vortex 
generators to approach constant circulation along the span and henee a single s trong 
vortex, and progressive lengthening or shortening of the span to improve the 
suitability of the vortex generators if the thickness of boundary layer present could 
be determined. Conditions we re not good for boundary layer measurement at the 
plane of the vortex generators owing to aerodynamie unsteadiness contributed by the 
fan shed vortieity. A total head traverse radially inwards to a depth of 1 in. was 
made (Fig. 2.49) . The profiles of this figure suggest a boundar y layer thickness of 

about 0.7 in . for fan speeds from ~ = 1665 to 3170. However in view of the 

normal blade tip clearance of . 04 in. and the short distance from the fan tralling 
edge to the measuring station (5.1 in.) this thickness appears excessive . These 
profiles are probably thc distribution of total head behind the fan tip and it is 
poss ible that only a very thin true boundary layer exists. Reliable measurements 
of the thickness of this layer would probably present great difficulty. 

However, it is felt that the effectiveness of the vortex generator in this 
applieation bas been demonstrated and that optimization of the form, number a nd 
location of vortex generators would he best left to full scale development. 

• 
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Following the rem oval of the screens in the inlet diffuser, total head 
a nd stati c pressure measurements were once more taken in the working sectlon to 
dete rmine the quality of the Ilow following tbe change. Results of the total head 

s urveys a re given in Figures 2 . 50 to 2.54 for fa n speeds from ~ = 1112 to 3060 . 

It is seen that the pr ofile un ifo rm ity is close to that displayed in Figures 2 .10 to 
2 . 21 inclusive. 

Static pressure s urveys made in the same plnne as the lotal head 
measurements using the ball type static probe s howed that the s tatie pressures 
measured away from the waUs were very close to those indi ca ted by the wal! 
tappings so that the variation in velocity profile is even less tha n that in the total 
head. 

Figure 2 . 55 exhibits the gain In working section velocity obtained by 
using vortex gene r ators in place of sc r eens in the inlet diffuser. Electrical 
measurements take n during the tests s howed tha t, with reasonable assumptions 
for drfving motor efficiency and gearing losses, the e nergy ratio, E. R., for the 
tunnel with screened inlet diffuser Is 1. 07 and 1. 33 with vortex ge nerators installed 
at the entrance to the iniet diffusers. 

The experime ntal results fo 11owing tests for flow a ngularity in the 
worki ng section are seen in Figures 2.56 to 2.59 . In pitch they indlcate a somewha t 
more unsatisfactory state of affairs than in yaw, owing to the grealer sensitivity 
of wl ngs to angle of attack changes than to yawing a ngle changes . Unfortunately the 
pitch a ngle picture changes wi th fan rotational speed especially on the left hand s ide 
of the working section (looking downstr eam) so that trimming of lhe fan stators by 
tabs is not expected to be effective over the ent ire speed r a nge of the tunnel. 

During the course of the yaw measurements it becam e necessary to break 
the tunne l at tbe stilling section joints to clean the fine scree ns whic h had become 
coated with oil and dust. Figures 2.57 and 2.59 show tbe measured yaw angles In 
the working section berore and aftel' tbis operation respective ly . Figures 2.65 and 
2.67 show the working section velocities before and afte r the c leaning. 

These figures indicate that the re is some doubt as to the applicability of 
the yaw a nd pitch measurements on thc mode l tunne l for predicting the flow direction 
in thc fuH scale working sect ion. The d iffering vulues of yaw m eusured before and 
af ter c leaning could be due to a different s creen blockage, screen tautness or a change 
in a lignment of the tunnel af ter r ebuilding . Refe r ence to Figure 2 . 59 indica tes tha t 
the whirl in the working section is approximated by ' solid ' rotation over the range 
4 in. from the ceil ing to tbe horizontal centre !ine a nd free vortex flow from the 
ceil ing to the 4-in. point . 

2.7.7 Turbulence Measurement (mIet Diffuser Sc r eens Removed) 

A penalty in the form of a cons ide rable inc r ease in turbulence as aresult 
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of employing vortex generators at the entrance to the inlet diffuser Is seen by 
comparing the turbulence profile for this condition (Fig. 2.60) with those obtained 
with the screened diffuser (Fig. 2. 42). 

An interesting observation is that the profile obtained wUh the vortex 
generators is much flatter than that with the screens, presumably as a result of 
the more thorough mixing obtained. 

Figure 2.61 shows the decay of turbulence aiong the centre line of tbe 
workIng section. 

2 . 7.8 Fan Characteristic (Inlet Diffuser Screens Replaced by Vortex Generators) 

Figure 2. 62 shows a detailed fan charaeteristie obtained from total head 
measurement in the annulus behind the fan rotor. It is clear that, wUh a virtually 
empty working section (aB = 0) and an exit diffuser attached, the working line is 
well to the right of the stall region. 

No adverse flow effe ets were noticed on redueing the mass flow below 
that for general staH of the rotor - manometer readings eontinued to he steady for 
the maximum restriction used. 

As previously stated the weight flow through the fan was computed from 
tbe measured working section velocity. Preliminary traverses for total head and 
static pressure near the working section entrance showed that even for the higbest 
restrictions the velocity over the whole cross section near tbe entrance was very 
uniform, 50 that in the actual tests for the fan characteristie the positions of the 
total head and statie pressure probes were left fixed. Figure 2.63 is presented 
to show the progression of the stal! from root to tip. 

2.7.9 Thick Strut at Intake (loIet Diffuser Screens Removed) 

Total head traverses, in a cireumferential sense, we re made for several 
radii at station 15. Pressure measurements in tbe wake of the strut made in this 
manner revealed only a minor deficieney in total head at tbe measuring station and 
that the wake itself had widened to a maximum of aoout two strut thicknesses. (See 
Figure 2. 64 for some representative profIles . ) 

A total head traverse in the working section did not reveal any total head 
deficiency whieh might have persisted from the st rut wake. Wool tufts on the strut 
indicated attached flow for 90 percent of the chord following tbe fixing of ooWldary 
layer trip wires at separation at tbe one-quarter chord station. Prior to the use 
of the wires tufts revealed separation at approximately the three-quarter chord 
point. 

2.7.10 Crosswind Tests 

Results of the crosswind test (Fig. 2.66) show that no distortion of 
veloeity profile in the working section oceurs as a result of a crosswind having a 

-----
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limited extent and a velocity of 19 ft. /see . The only noticeable effect was that the 
working section velocity decreased on application of the wind. This can be seen 
by comparison of Figure 2.66 with Figurc 2.65. 

The insensitivity of thc working section velocity dl.stribution to cross
wind was expected since the fan has a high solidity . 

It will be seen that the velocities of Figure 2.65 are considerably 10wer 
tha n those of Figure 2.55 for the same fan speeds. This was fouod to he due to 
dirty screens (considerable amount of testing taak place between the tests of 
Figure 2.55 and those of Figure 2.65). Cleaning of the sereens resulted in the 
higher velocities being restored as seen from Figure 2.67 which are the results 
of tests af ter cleaning. The results shown in Figures 2.65 and 2:66 cao he com
pared since they are the results of consccutive tests. 

2.7 . 11 Flow in Working Section with Perforated Floor 

The velocity traverses shown in Figures 2. 67, 2.68 and 2.69 eompare 
tbe flow quality in the working section for three floor states, I.e . solid floor, 
partially open to the well and fuUy open to the weU. It is apparent that partialor 
fulI opening of the floor did oot affect the uniformity of velocity very much, nor 
the average value of the velocities . 

At the highest fan speed possibly the open floor vers ion s hows the highest 
distortion (2 percent of the maximum). 

Flow angularity for the partiaUy open and fully open fioor states is of a 
s imilar nature to that with the floor cLosed (Fig. 2.70 to 2.73 inclusive for compari
son with Fig. 2 . 56, 2 . 67 and 2.58). 

2 . 8 Conclusions 

The operation of the VTOL tunnel in model farm has been explored in 
same detail and thc fo llowing conclusions are drawn: 

(1) Working sectioo flow is satisfactory with re gard to unHormity of velocity 
but possibly poor with regard to flow angularity, especially pitch. Further work 
is required to determine the rea I nature of the whirl and to reduce lt to a n accept
able amount. 

(2) lt has been demonstrated that the 28-deg. inlet diffuser can operate 
satisfactorily in the absence of screens, provided that a sufficient number of 
suitable vortex generators are placed upstream of the iniet to the diffuser. The 
power requirement for a given working section velocity is reduced, using vortex 
generators, by comparison with that necessary when the screening arrangement 
in Part I of the report is used. 

(3) The longitudinal turbulence level in the working section is moderate with 
screens used in the iolet diffuser. A doubling of tbis level was obtained when vortex 
generators were used to replace the sereeos . 
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(4) In the absence of aD exit diffuser there is a limit to the increased 
veloeities thal can he obtalned by restricting thc working secUon area. There 
will be sorne latitude on the limit for a given fan speed which depends on the farm 
of thc restrictien, i. e . on whether thc working secUoD is lengthened 10 accommodate 
nozzle bleeks having smaller divergence angles than these used in thc test. 

(5) An exit diffuser of 2:1 area ratio which is much sborter thao thc conven-
tional low angle diffuser will operate quite as weil if a sufficient DumOOr of sultable 
vortex generators are placed upstream of its iolet. lts efficiency appears 10 he 
enhanced by a large blockage upstream . 

(6) Fan operation is very tolerant of working secUon blockage. Tbc weight 
flow for an empty working section may he at least halved with no apparent 111 
effects , i. e. fan vibration, unsteady flow. 

(7) The presenee of astrut fairing thick enough to s hroud the piping neeessary 
for a turbine drive does not give astrong enough wake to impede fan operation and 
the wake is unnotieeable in thc working section. 

(8) The fan solidity and form of the tunnel seem to he adequate in ensuring 
undtstorted working section velocity profiles for a limited extent erosswind up to 
19 ft. Isee. 

(9) A perforated working section flow with a weU beneath has little or no 
effect on the magnitude of the veloeity nor on its uniformity. 

(10) The bellmouth intake used in modified form appearB to he satisfaetory. 

(11) The tUImel energy ratio (1. 07 wlth sereened tnlet diffuser and 1. 33 with 
vortex generators at the inlet to the diffuser) is compatible with other low subsonie 
non-return wind tunnels . 

With thc installation of 1000 b. hp. at fuU Beale the design requirement 
of 120 ft. Isee. through the working seetion should he exeeeded by 17 ft./see. wUh 
a sereened inlet diffuser and by 27 ft./see. if vortex generators are used . 

2.8.1 Reeommendations for FuU Seale Tunnel 

As a result of the model tests it is suggested that the fuU seale VTOL 
tunnel ineorporate the following features: 

(1) Unscreened io1et diffuser fitted with vortex generators in the s tator spaees. 
111e Cioal number, form and setting of these vortex generators should be obtained by 
fuU seale development tests. A starting point in the development ean be made with a 
geometrieally sealed up model vortex generator uSjng the same number, axia llocation 
and setting. 

(2) Fine screens to he ereeted in the stilling secUon to obtain as low a turbulence 
level as possible providcd that thc tunnel velocity is not seriously affected. 
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(3) The working section s hould cont.'lin a weU of about 5-ft. depth running 
the length aod breaclth of the working scction. (Openiogs in the floor between 
worklng section and weU should be available, sealcd from areas and locations 
indicated in Seetioll 2 . 5 . 9.) 

(4) The piping to and from th c power turbine situated in the buLlct s hould 
he slzed to fit a sualed up vers ion of the model strut. The [uH seale strut sealed 
up from the model will be able to aeeommodate pipes of 39 in. I. D. and 31 in. 
I. D. with sulficient clearance to a llow pipe waB thlekness commensurate w;th the 
interna l pressures . 

(5) A scaled up fan and stator sys tem will be suitablc . 

(6) A scaled up bellmouth intake will be adequate. 

(7) The exit diffuser should he sealed up from the internal dlmensions given 
for thc model short exit diffuser . Provision for attachment of vortex generators 
upstream of the inlet of this diffuser (in a scaled positIon indicated from the model 
arrangement) should be made. The final farm, number, location and setting of these 
vortex generators will be a mattcr for fuIl seale development . 

(8) Provision should bc made Ir necessary for removing or reducing worklng 
sectlon flow angularity. The means of doing this wUl depend on the results of 
further model tests. 
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The method employed was to measure tho turbulenee in a duet similar 
'standard' duet described below. 

Some results are given in Reference 4 for the distribution of longitudinal 
turbulence in a long smooth pipe which had an Internal diameter of 1. 5 in. Thc 
flow through the pipe was obtained from a large reservoir which was maintaincd 
to give a centre line velocity (fully developed pipe flow, at a station 80 diameters 
downstream) such that the Reynolds number based on this velocity, pipe diameter 
and pertinent kinematic viseosity was 14,800. 

The smoothing of any unsteady flow originating from lhe reservoir was 
effected by fitting the pipe with a honeyeomb at its entrance. 

A simUar test was made using a 13-ft. length of hard drawn eopper 
tubing of l!in. I. D. It was fitted with a bellmouth entrance, and an airflow was 
obtalned by connection to an industrial type vacuurn cleaner fitted with a fine speed 
control. With this arrangement a very steady velocity eould be obtained as measured 
by a eentre line pitot tube and a wall statie tapping plaeed 84 diameters downstream 
of the end of the pipe . The hot wire probe with micrometer adjustment was placed 
80 diameters downstream of the inlet and arranged for radial travers ing. The air
flow was adjusted to give a Reynolds number on the centre line of 14,800. 

Tbe turbulence profile is shown in Figure 2.74. From these results it 
was concluded that the hot wire anemometer and the assoeiated electronie equipment 
was making a reasonably accurate measure of the turbulence in the tunnel working 
section. 
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