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SUMMARY

The report describes the development of a two dimensional flow wind
tunnel test section, sultable for measuring 1ift. Iits principal use
was in developing aerofolls for windship propulsion and results for
one of These provide an Il lustrative example. These results Indicate
that a CL of around 4.2 can be achieved without flow separation and a
Comax of around 4.7 with separation.
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INTRODUCT ION

The work described formed part of a Wolfson industrial Research
Fel lowship to design marine aerofolls for ship propulsion. To develop
marine aerofoils Ideally requires exclusive use of a wind tunnel
throughout one or more ¢cycles of rig testing, modification and re~
testing. Unfortunately, most Southampton University wind tunnels are
heavily utllised. Aims of the project were to produce a design In
which aerodynamic virtues were a high C yay and low CDo‘ Project
requirements and wind tunnel avallability confllicted, with the result
that it became attractive to modify an under-utilised wind tunnel,
with I ittle Instrumentation, into an apparatus for testing marine
aerofoll designs. I+ must be apprecliated that +the aerofoll
development process can take place with measurements of ) Imited
. accuracy and that there is adifference between a development wind
tunnel and a wind tunnet for precise absolute measurements.
Development can continue with a series of relative measurements,

providing errors are consistent throughout those measurements.

The aim of this report is to describe the technliques used and the
resuits obtanied. This is Intended both to enable future researchers
to use similar technliques and provide the necessary background to

assess current results.

The tunnel was used to assess a number of Inltlal marine aerofolit
concepts, usually Invoiving simpie models, airspeed and balance
readings. Resuits shown here are for one of those concepts known as
a hybrid flapped ﬁu!fiplane (HFM), This particular device is an
array of flapped and unflapped aerofolls, capable of producing
positive or negative lift, orientatable in yaw and Intended to
produce maximum 1ift from minimal blighted deck area.

TUNNEL DETAILS

Tests were carried out in a low speed, 3 ft+ x 2 ft working section

wind tunnel, shown in Figure 1. The working sectlion dimensions were



reduced to 3 f+ x 1.64 ft+ (914 x 500 mm) by means of Inserts fitted
to the floor and celling. Detalls are shown in Figure 2. An
aerofoll section spanned the distance between the inserts, contained
between circular discs at either end. These discs were flush with
the inserts, but separated from them by 25mm of |ow-modulus foam. A
balance was fitted beneath the tunnel and the aerofoil section
connected to it by means of a mounting pillar.

The aerofoi! section formed part of a cantilever structure, with Its
base at the balance. This arrangement is shown in Figure 3.

BALANCE CAL IBRATION AND L IMITATIONS

Details of the balance are given in ref. 1. For the present
application, +he-can+I|evered aerofoll causes some deformation of the
foam when an airtoad is produced. Forces measured at the bal ance
therefore consist of the airload, as well as some input from the
deflected foam. The original balance calibration Inref. ! must
therefore be modifled to account for the force Input from the foam.
At this point, It should be noted that at very high foam deflections
a progressive sl ippage takes place between the foam and aerofoll end
disc, which makes 1+ impossible to produce a consistent calibration
curve. The practical consequence 1s that the accuracy of the force
measurements progressively dec!lines beyond values of about 100N,

Drag measurements at the balance consist of the foam force, drag of
the disc and drag of the aerofoli section. it is not possible to
accurately separate balance drag measurements into individual
components, Impiying that aerofoll drag cannot be measured on the
balance. Aerofolil drag could have been measured by a wake tfraverse,
but was not sought as part of the tests described.

Yawing moments (corresponding +to conventiona! aerofoll section
pltching moments) measured at the balance were heavlly infiuenced by
inconsistent foam/insert frictional forces. This 1mp||ed that

aerofoi |l sectlion pltching moments could not be direct!y measured.



Pitching moments would best be obtained from a pressure-tapped

model .

Lift can be measured on the balance, providing approprliate al lowance
is made for foam forces. This was done by appliying known callbration
forces to the centre-span of the aerofoll section and noting the
readings on the balance. This technlique Is a direct way of obtalning
a lift v. balance-reading graph for use in es#lma+lng lift
coefficients. It ignores interactions between sideforce and other
loads on the balance. These interactions have been shown to be smal |
in ref. 1. (Typically up to 1% for the present model). A
cal ibration graph for 1ift measurement is shown In Figure 4, Such
graphs are sllightiy incidence-sensitive as eccentricity in the disc
and mounting results in foam deformation when incidence ls changed.
At 1oads above 100N the disc sl Ippage problem referred to earliler
became pronounced and the 1ift calibration graph (Figure 4) could not
be retied on. Readings were taken after the bulk of disc siippage
had taken place, but if is by no means clear that fhe-dfsc sl ippage
process assoclated with an aerodynmaica) ly-loaded aerofoll is the
same as that under static load. For this reason all |Ift
measurements above 100N must be regarded as suspect. Lift readings
taken with the fluctuating airiocad did not show the same tendency
to change with tIme, Implying tess slippage takes place with alrload
rather than static load. Reasons for this have yet to be found.
This observation implies that there may be some underrecording of
1ift above 100M.

TUNNEL AIRFLOW

Some Initial investigations were conducted to establish the
varfabil ity of alrflowover the tunnel cross section. The tunne!
cross section (within the working sectin) was subdivided intonine
equal rectangles and a probe Inserted to measure axial flow speed at
the centrold of each rectangte, at a number of tunnetl speeds.

Resuits are shown in Table I,



Table |

¥ Axial Speed Varlation

Over the Tunnel Cross

Section (Looking in Flow
Cirection)

(a) (b) (c)

40 ft+/sec 80 ft/sec ‘ 120 ft/sec

-.83 -2.35 -1.38| -.77 -2.62 ~-1.6 | -1.21 -2.86 ~-1.75
42,78 ~.83  +.69 [ +2.89 -~1.18 41,7 | +3.1 -1.5 +2.0
+1.3 -.83  -.83[+1.42 -1.30 +.77 | +1.95 -1.4 +.3

For the t1fting performance of the -aerofell section, a relationship
Is needed between Indicated tunnel -speed and the mean speed
encountered by the section. This Is shown on Figure 5. The mean
speed over the section is taken -as the mean of the Individual speeds
measured at the-centroids of the centre rectangles, corresponding to
the central cotumns of Tables |(a), (b) and (c).

Figure 5 exciudes the effect of the boundary Iayer.on the- tunnel wall
and ceiiing. Probes were Inserfed into the flow'ln this reglon, to
.measure ?he-loss-bf-fo?a} head. The alm of this exerclise was to
obtaln a span cOrrécflon for the aerofoii section, to reflect the
11ft+ loss due--to reduced- dynamic pressure In the tunnel floor
boundary layver. Figures 6(a), {b) and (¢) show the total head
profiles, measured above the tunnel floor and the required spén
correction to account for loss of dyanmic pressure. Span is
corrected to correspond to the |ift that would be produced if the
mean dynamic pressure were present-over the whole span, based on the
assumption that |1t Is proportional to dynamic pressure. The graphs

shown in Figure 6 do involve subjective assessments of fiow



'condiflons close to the fiocor, but in spite of this they consistently
indicate that span should be reduced by around 6mm at both the floor
and celiing. A span reduction of 12mm is therefore used to account
for floor and ceiling boundary !ayer effects. '

TEST TECHNIQUE

The presence of a mechanical connection (foam) béfweeﬁ the aerofol |
model and wind tunnel introduces the possibillity of variable
frictional forces Interferring with the balance readiné. If load is
appl ied and then relaxed, some.hysteresis effect Is present on any
graph of load agalnst balance reading. This Is il lustrated in Figure
7.

Some reduction in the hysteresis effect was achleved by using lower
modulus foam. A test technique was adopted to try to always operate
on a known part of the hysteresis curve, shown by the line A B on

Figure 7.

Firstiy, to start off at point 'A' requires zero friction between the
disc and foam. Over a perliod of time this is achlieved by disc/foam
sl ippage and can be shown to cbrrespond to a cdnsiéfenf ba!ance
.-readlng, Independent of the starting point. To accelerate thls
process for testing purposes, the aerofoll was manual ly 'jiggled’
with progressively decreasing force, to come within . 3;iv of point
'A'. During testing, there is a potential problem‘of strayling down
the 1ine B-C on Figure 7. This was avolded by avoiding any reduction
in tunne! speed (énd hence load) between starting a test and taking -
balance readings. This procedure was repeated for every incidence
change. 7 '

HFM MODEL DETAILS

t

A drawlng.of the hybrid flapped muttipiane in the tests is shown In
"Figure 8. A system of panel plné, external plates, plastercine and
strategical ly-drillted holes In the end plates enabled flap settings



to be varlied. Wool tufts were attached to the model with masking
tape, for flow visuallisation. Flap settings were varied to try to
maximise |1f+ whilst retalning attached flow. This process produced
the final flap settings shown In Figure 9, Essential dimenslons of
the model are:

Uncorrected span «5m
Corrected span . 48m
Compactness cyl inder diameter .292m
Corrected area .140m?

TEST RESULTS

Observations from wool tufts Indicate attached flow is present
everywhere, at incidences below 0°. The stall mechanism begins with
a separation bubble on the teading edge of the centre aerofoil This
Is fol lowed by an intermittent stall at 1 and full stall at 2°, also
on the centre aerofoll. At 4° Incidence, separation was present on
the upper aerofoi! and at 6° incidence a stall interchange noted
between the centre and upper aerofoll. No observations could be made
of the airflow over the lower aerofoil. Theory'éugges?s Its
contribution to overat|l tift is small. This stall mechanism
Indicates 1+ would be desirable to fit a slat or drooped leading edge
to the centre aerofoll, |



J:"'l

Test results are glven in Table Ii. The |imitations ofefhe bal ance
in measuring forces above 100N mus+ be appfééiafed in interpreting
these figures. The absence of a drag measqﬁémenf makes an accurate
wake blockage correction Impossible. A blockage correction was
obtained using an empirical formuia based on the ratio of model cross
sectional area to tunnel cross sectional area. (Ref. 2) This type
of formula tends to produce a silightly pessimistic value of C below
the stal}l and an optimistic vailue above It.. Typlcal total blockage
corrections for lsolated aerofolls are around .005. For a triplane
this can be expected to rise to .015. Close to the stall, wake
blockage will Increase as drag Increases. An empirical formula has

been derived to describe the speed increase to blockage (Au) as:

M 1 Mode! Frontal Area

o u 4 Test Section Area

Fo; the HFM model used, this formutla indicates F¢ should be .023,
which Is consistent with the earlier assessment of magnitude.
indicated tunnel! speeds are therefore corrected (1) to colncide with
the mean speed over the aerofoll mode! and (i) to al low for a total
btockage (ey) of .023 throughout the ?esfé.

10



Table i

Lift Measurements on a Hybrid Flapped Multiplane

incidence Corrected Lift
Speed

o m/s N

-7 17.31 76.52 2.98
-7 21.51 118.70 2.99
-7 26.19 166.77 2.84
-5 20.73 120.66 3.27
-5 26.22 183.45 3.1
-3 17.94 102.02 3.69
-3 23.85 170.69 3.50
-3 27.13 219,74 3.48
-1 17.30 100.06 3.90
-1 22.61 159.90 3,65
-1 26.66 223.67 3,67
+1 18.24 120.66 4,23
+1 23.39 183,45 3,91
+1 27.44 255.06 3,95
+3 18.24 129.49 4,54
+3 24.32 215.82 4.26
+4 18.24 129.49 4.54
+4 20.89- 169.71 4.53
+5 17.93 129.49 4,70
+5 22.14 188.35 4.48
+5 25.57 252.11 4.50
+6 19.45 152.06 4,69
+6 22.61 198,16 4,52
+6 22.76 203.07 4,57
+7 18.24 135,38 4.75
+7 22.61 194,24 4.43
+9 18.08 127.53 4,54
9 21,51 171.68 4,33

L




DiSCUSSION OF RESULTS

inspection of Table 11 shows that most results involve force readings
beyond the 100N accurate iimit of the balance/model/foam arrangement.
Tests were carried out at nominal tunnel speeds of 18, 22 and 26 m/s.
To avoid hysteresis probl!ems, no downward adjustment of tunnel speed
was possible and so speed varlations around the nominal flgures are
very noticeable. Readings at the nomina! speed of 18 m/s are thought
t0 be the most accurate, since asscciated force measurements were
closest to the accurate balance }imit, A CL % a curve for These
measurements is shown In Fiqure 10. Despite foam s!ippage and
. hysteresls problems, values of C, at different speeds are general ly
wifhin 4% of each other and points in Figure 10 produce a reasonable
curve. Results at 22 and 26 m/s show lower C.'s than for 18 m/s: At
this stage, it Is thought the most probable explanation lies in
balance inaccuracies for the assoclated high force readings, as the

possibil ity of a genuine C; reducfion'of around 4% at marginal ly l
higher Reynolds numbers seems unlikely. It cannot however be ruled

out as a possibie explanation of the results.

A reasonable curve drawn through data points on figure 10 suggests a
C_max of around 4.7 at an incldence of 6°. Most data polnts are
within 2 C_ Increment of .07 of the line shown.

Al though the apparatus was never intended to acquire accurate
absolute data, any substantial inaccuracles in force or tunnel speed
measurements should resu!+ in inconsistencies In |ift coefficients
obtained at different tunne! speeds. Desplite the acquisition of
'Inaccurate' force measurements above 100N, |ift coefficlents
obtained at varying speeds are usually within 4% of each other. This
provides an unexpectediy high level of agreement and suggests the
figure of 4% describes the accuracy of the apparatus within the toad
range 150-400N. At lower force levels, accuracy Is suggested by the
scatter of data points on Figure 10, which ttes below 2%. These
indications do not provide absolute proof of accuracy, but rather an

assessment of accuracy based on known problems and results analysed

12



to date. This assessment of accuracy must be restricted to the
bal ance measurement/tunnel speed data acquisition system and l|leave

open any questions of further aerodynamic corrections.
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MODEL MOUNTING DETAIL

” 7
% 7 INSERT
7 7
WORKING
SECTION
END DISC MODEL
/FOAM
. > 7
‘ C T /
7 I

«  MOUNTING PILLAR

SIDE ELEVATION —H—

BALANCE |

INSERT

. FOAM.

END DIsC

MODEL

PLAN




[ 1 ) ] vl ! RN L T ] i 1 T ]
: i i : [T ' [ ) . ! i ]
: ! : i L i ! ! : [
. ! ! i i ! i i i !
fa) i . ! [ i i . ] i
LA N — e = r — m
I ] . ! Tl 1 ‘ : i i
! 1 i . A : 1\ . o YT i _ ; _ ;
_ ; ! i i i AY =~ u.E»ﬁKuE _ INVIVH L !
- i “ H P [ | . _ ”
: ] " ! 90y
“ ; Py i ; !
- L _ T
:

[ A

1
— i
i

i !
|

, -
W,Ii!ltl.l-,ﬂl!iﬁ m_&iin.aa Yoo
MMHHJIM.H..ZG 11vd8LIvD
, O
. i o

f———— P I P ——

(o€ = ©) HdV¥9 NOILYHEITYD L4171 LTI T -

e e e e e

! |

e e e e e e e e e S e T

i : | R




CALIBRATION CURVE OF MEAN AIRSPEED QVER | -
AEROFOIL AGAINST INDICATED TUNNEL AIRSPEED . I

" "
N N N / N
o Il ~CoE B N o T
0.0 - I --~-*~*)/5 RN
T y4 N
- T
HT 52 . __/'/ - n —
S EENAE : A
\1 - - A -
) - E R EenEREsp 4R B
PR PR 0 0 - NN
DI -+ /4 - ARRENE .
N g7
% A
"SECTIONT: 0 D 0« : N
I / L e
CELYSECT T 0 o 0 o I
’+ g P - —ans o — - --/(- dem| —_— PR TR PR . ] — -— g
e e e e e P e P
pan A= -HAH - = -I-
N '"““}/;7__"*__ - ST e T e e e
A S TR A R - i
SEeEeEp 2o R SaR RN Rea AR ce RN aese e A E e VAR ARN R
I ::'/{:::LL A s e e e L :
¢ SRR BHARERssmmzateaprasse st s e et
A s eI el
TCATED T TUNKE L AlRSREED = FN/ASECT oo
- T T
e ___;_~___muﬁtﬁ_ HHE N N T Rig 8 -




[

J

i

oR

05 oF

O00R

FLG

CSHA

AT FLD

TIVE

TO

N AT FL

W

FEC

!
i

¢

e
AYER

SPA

FF EC—TI'I,VE i

D
d

E

ERRECTIVEILQSS LOF| 11111

SPA

L0SS OF TOTAL HEAD DUE TO BOUNDARY

LAYER OVER TUNNEL FLOOR

L

D

Lo T




_ B e e e

T

. LE}

Sl

bl

i

i
NI

i

L

A A

[w]

[

1/

s

HEYH

i

i

A
FARNRNE

[ ]

YR

SENAE 1 W Cioil
NN o0 - Sl ':'55 S
-[ .

h L4
Z.

|~}

NG EE - oo




HYBRID. FLAPPED MULTI PLANE
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FINAL FLAP SETTINGS USED IN H.F.M.
TWO-DIMENSIONAL FLOW WIND TUNNEL TESTS

WUWPPRPER
AEROFOIL —_— .
T
254 mm
MIDDLE
ALROFOIU ——
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