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The forces on the foils, both for the injection of water and
olymer solutions, were measured using block gauges. It was found
hat the changes in drag and 1ift forces are qualitatively differ-
nt for water and polymer injections as well as for injections on
he suction (upper) and pressure (lower) sides of the foils. For
xample, when the polymer injection is on the suction side of the
0ils, the 1ift increases while the drag decreases.  On the other
and, when the polymer injection is on the pressure side both the
ift and drag decrease, though the lift-to-drag ratio increases.

Based on the present results, and those of other authors, a
entative explanation of the lift increase effect is presented.
ince this effect is more pronounced when the injection 1is perfora-
d in the high curvature region close to the leading edge, 1t is
heorized that the polymer injection interacts with the high local
elocity gradients along the foil and creates a change in the po-
ential-flow pressure distribution, this change being caused by a
ocal increase of the effective foil curvature due to the visco-
plastic behavior of the polymer solution under high strain rates.
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EFFECT OF DRAG-REDUCING POLYMER INJECTION ON THE
LIFT AND DRAG OF A TWO-DIMENSIONAL HYDROFOIL

D.H.Fruman, T.R. Sundaram and S, J. Daugard,

Hydronautics, Incorporated, U.S.A.

Summary
The present paper describes an experimental investigation on the effects of injecting drag-

reducing polymer solutions into the turbulent boundary layer of two NACA 63, two-dimensional,
symmetrical, hydrofoils. The experiments were performed in a high-speed circulating channel
with free stream velocities of up to 13 m/sec. The two folls used were 10 and 20 cm in chord,
though both had & maximum thickness of 2 cm. The incidence of the foils varied between * 50
with the ratios of the injection to free stream velocity of up to 0.2, and a concentration of poly(eth-
ylene oxide), POLYOX WSR 301, of 200 ppm. The injection slits om both foils are situated one-
tenth of & chord downstream of the leading edge. The gap of the injection slit was 0.0127 cm for
the small foil and twice this value for the larger foil.

The forces on the foils, both |tox' the injection of water and polymer solutions, were
measured using block gauges. It was found that the changes in dragand lift forces are qualitatively
different for water and polymer injections as well as for injections on the suction (upper) and
pressure (lower) sides of the foils. For example, when the polymer injection is on the suction
side of the foils, the lift increases while the drag decreases. On the other hand, when the polymer

injection is on the pressure side both the lift and drag decrease, though the lift-to-drag ratio
increases.

Based on the present results, and those of other authors, a tentative explanation of the lift
increase effect is presented. Since this effect is more pronounced when the injection is perform-
ed in the high curvature region close to the leading edge, it is theorized that the polymer injection
interacts with the high local velocity gradients along the foil and creates a change in the potential-
flow pressure distribution, this change being caused by a local increase of the effective foil cur-
vature due to the viscoelastic behaviour of the polymer solution under high strain rates.

Heid ot Churcmil College, Cambniage, Englend
Orgarvsad and spanered by BHRA Flud Enginesring, Cranteid, Begford, England.

Copyright BHRA Fiuid Engnesring
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pressure (lower) sides of the foils. For example, when the polymer injection is on the suction
sids of the foils, the lift increases while the drag decreases. On the other hand, when the polymer
injection is on the pressurs side both the lift and drag decrease, though the lifi-to-drag ratio
increases.

Based on the present results, and those of other authors, a tentative explanation of the HMt
increase effect is presented. Since this effect is more pronounced when the injection is perform-
ed in the high curvature region close to the leading edge, it is theorized that the polymer injection
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flow pressure distribution, this change being caused t y a local increase of the effective foil cur-
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INTRODUCTION

Pollowing an earlier publication ty Wu (Ref. 1), the effects of
drag-reducing polymer solutions on the 1ift of hydrofolls and the thrust
of propellers have Leen investigated by several authors. Examination of
the availatle experimental data shows that under given flow conditions,
the Jdrag-reducing fluids mey either Iimprove or hinder the hydrciynamic
characteristics of lifting btcdles depending on their planform and section
geometry. For example, Kowalsky (Ref. 2) has reported that the thrust
and the efficiency of a three-tlailed propeller decreases when operating
in a homogenecus polymer solution, while Henderson (Ref. 3) has shown
that the thrust decreases and the efficlency increases in the case of a
two-bladed propeller. This :discrepancy may be ascribed to the differences
in the number andi geometry of the blades of the two propellers as well as

in the particular range cf values of the advance coefflici<nt used In the
tests. '

Similar ccntradlictory results have also teen published concerning
hydrofoils. Sarpkaya ani Rainey (Ref. 4) have stated that homogeneous
dilute polymer solutions have no Jlscernible effect uporn the mean forces
produced by a twn-dimensicnal symmetrical hydrefoil. On the other hand,
Wolf and Cahn (Ref. &) have repcrted that, for a tapered three-dimen-
sionai hydrofeoil in homogeneous polymer solutions, a significant shifting
of the 1lift curve equivalent to 2 reduction of about three to four de-
grees in the foll anrle occurs., This effect was noticed at high free-
stream velocitles even for the lcowest concentration of the polymer.
Again, the differences in the geometry of the folls and in the test con-
ditions may be responsible for the difference in the two results.

The effects of inJecting a .rag-reducing polymer into the boundary
layers of three-dimensional and two-dimensional hydrofoils have been in-
vestigated reapectively t - Wolf and Cahn (Ref. S) and Lehman and
Suessmann (Ref. €). The former autr.rs found that polymer injection on
the suctlon side ~f a tapered three-dimensional hydrofoil produced s
significant 11ft reduction, while the latter authors . ~port that the 1ift
can either increase or decrease depending on whether the injection is on
the s.ictlon (upper) or pressure (lower) side of the hydrofoil.

The results of Lehman and Suessmann represent the first systematic
attempt to gain some understanding of the "1ift effect” problem. How-
ever, since their tests were limited to a single foll section, NACA 65CCt,
76.2 em in chord, art free stream velocities up to only S m/sec, further

research 1s required to exteni thelr results to other foll sections and
to a wlider range of flow conditions.

The present paper describes the effects of injecting a drag-reducing
pclymer solution !nto the tounijary layer of two NACA £3 two-dimensional
symmetrical hyirofolls, 17 ani 2C cm in chord, with 2C and 10 percent
relative thickness, respectively. The maximum polymer injection veloclity

was atout 2C prrcent of the free-stream velocity which ranged from & to
13 m/sec, ’

The results indicate that the injection of the drag-reducing polymer
produces an increase of the lift-drag ratio of the folls, regardless of

E2-18




whether the irnfctlon o mai~ on the cuetion v preccur o0 i of the fcil
surface. The magnitv o - the ~rtor depends an the »elutive thlzkne oo
'l eherd of thre fot!l, - i ‘o D bener o anele and on the Injeetion and
r'roe otpanm vreloeltieo,

EXPERIMENTAL PROCEDURE

Thr: tests were performe i in the HYDRONAUTICS High Spre i Chanr-1
(Ref. 7), Flgure 1, moiificd to ~tt2in 8 two-dimenclonal flow, %hus
1liminating the free surface «ffrcts which may have otherwis- occurpr -
at the high speeds used in the tosts.  This modificatlion incerperat s 2
roci’ 'with » specially decirnel trancition which was attached tc the
orivinél’fbea surface :luice pate cf the channel.  An overcizei hele
21lows rée passage of the moiels throuh the roof. The foils wor.cup-
norted vertically Ly meons of a block gawede arrvancement and an. nelene -
coentrol system, as indlcated in Floure 2. In crder to minimize H1p - ne
trainment, whlch may '+ Injuced ty the low prassures on the suctlion ol
of the foil, the upper siiec of the roof was flooded. To erests~ th~ iorst
condltions for a2 two-rdimonc:onal f'low and to avoid secondary {lcws @« -
tween the lower and upper socticn «t' the rcof, an cn«d plats waa {iwt..d e
the cross section of the foll, Foing free to move with 1t (Figure ?).
Since the tests were ‘eslgned to obtaln comparative measurements ~f the
hydrcdynamic characteristics of the folls w!th and without annct*on,
no specific investigatlion o! the end gap effect was made during thris
study. Results publishnd elsewhere (Ref. B) demonstrate, that with
these particular precautions, tke 1ift and drag coefficients of the hy-

drofolls are close to other known two-dimensional values.

The cross section of both foils was a NACA 63 symmetrical vrof!le.
The small foil, Figure 3, was 10.16 cm in chord with 20 percent relatlive
thickness and the large foil was 20.32 cm” in chord with 10 percent

relative thickness.. Therefore, the absolute thickness of hoth rolls .was .

the samp, 2.032 cm. . In both models, the:injection slits wﬂrorsituatod

at a 10 percent- chord iJistance from the leadlng edee, so. that thp-actualv_ J

distances for the two are 1.01¥, and 2.032:cm. R

'The injection slits were .desligned s=o as to decrease the possitle
1neal perturbations which may te produced by the o jected fluld, As
shewn fn Figure 4, thce inclinatlon of»tgﬁ 3lits, rclative to the fc!'l .
tangent at the inJectlon station, was 7 ~for bhoth foils. - Based on the .. |

empirical rnlat.onship degseribing the diffuslon of a dilute ‘polymer s o-<7»f:§

lutlon over 3 flat plate obtained Ly Frumen and Tulin (Ref. 9), the sap
of the InjJectors was selected to be O, 0127 cm ror the small foll and
0.02%4 em for the large foll,

The folls were fabricated from alumlinum and then chrome plated,

‘A silicone spray was applied to the surface of the folls In uvrder tec

prrserve the quality of the finlsh,

»
Hencelforth these tfoils will bhe referrod to aa the 10= and 20«-cm cherld
folla,

w1 DOSt Available Copy



- The free stream velocity in the test section was measured with a
3 mm ctameter Prandlt tube placed ahead of the hydrofoils., Though it ls
known that, in general, the stagnation pressure readings of such tubes
are affected by the polymer solutions, 1t 1s belleved that In the present
case the relatively small build-up of polymer concentrations in the re-
circulating water and the relatively large diameter of the probe make
any significant crrors highly lmprobtatle,

- The 1ift and drag forces werc measurcd by means of four reluctance-
type block gauges attached to the folls as shown In Pigure 2. The total
lift and fdrag loa’ capacities ci' thece gauges were 90 and 16 kg, re-
spectively. The electrical output signal from the gauges was integrate:d
over a2 ten-second period and the average values were recordnad.

The inJected fluids were contalined in o nine-gallon reservolr,
which was pressurized so as to drive the flulds inteo the injecticnslit
through a pipe syztem. The pipe cystem contains a regulating valve and
a retameter for the determination of the flow rate. The rotameter was
calitrated with water only, but was also used for the polymer solutions.
Independent checks showed that the rhecloglcal characteristics of the
4ilute polymer solution does not zipniflicantly affeet the calibration of

the rotameter,

The polymer used In these Lests was poly (ethylene oxide), POLYOX
W3R 301*, which has Leen demonstrated to he a highly efficient drag-
reducing agent. The method of preparation of the dilute polymer so-
lutions has bteen described elsewhere (Ref. 9). A constant polymer
concentration of 200 ppm was used In all the tests.

ACCURACY AND REPEATABILITY OF THE TESTS

As previously outlined, the obJective of the test program was to
investigate the relative changes caused in the hydrodynamic forces on
the foll-by Injections of water and dilute polymer solutions. Of course,
for a proper assessment of these small changes 1t 1o o nuntlal to as-

certain the hasic accuracy and rlegree of repeatablility of the moasurp-”,_ji;

ments under condltions of z~ro inJjection.

Due to certaln inherent features of the experimental equipment and
procedures uscd In the tests, some inaccuracies may arise. The in-
accuracles may be due to 1nadequacies in the measuring equipment (such"

ac the force gauges, the velocity probe and the manometer), unsteadiness _7'

of flow conditlons ahead of the hydrofolls (turbulence as well as low-.
frequency rluctuations) and model deflection under loade.

The forecc gauges arc sufficiently llnear in the operating range of
the tests lor any errora Jdue to nonlincarities to be negligibly small,
Moreover, since the force mecasurcments are obtained from a ten-second
integration of the instantanecous gauge output, errors due to highe
frequency velocity fluctuations uare unlikely, However, the effective

'Manufactured by Union Carbide Corporation.
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mean veloclty durlng the Integration perlod cu., e Jifrcr st Urom the

'"nominal” channel sper:d indlcated hy the mercury manometer assocliate i

with the velocity probe. For the purpose of the present investisztion
however, the "nominal” free stream veloclty was uscd instead of the
average value, Random errors, such as those created by the defleeticr
of the foll under loads, are difficult t» evaluate-and may a:versrly
affect the accuracy as well as repeatabllity of the tests. The -deflecce-
tion of the foil under loads, especlally at high foil angles, is in-
herent to the mechanical arrangement of the foil mounting. A more
sophisticated arrangement which would avoid these ‘leflections was beyonid

the scope of the present program.

A systematic analysis of the variances 1in the 1lift and drag coeffi-
cients of both hydrofoils without Injectlon lndlcates a mean deviation
of about *2 percent for practically all the_frec-stream velcelitine,

These results are summarized in Figures 5 and % for the 10 an}! 2C-cm

chord hydrofoils, respectively. It should be pointel out, howrvrr, that
at the lower free stream veloclty (5 m/sec), the drag meazsurcments in-
dicate 2 relatively larger deviation from ine mean values. This rezult
is not surprising since at the relativeliy small Reynolds number 2ppro-
priate to the low-speed case, boundary-layer transition on the .folil 's
quite sensitive to the turbulent conditions !n the test scction, the

foill surface roughness, ctc.

The hydrodynamic characteristics of the folls were insensitive
to the kulld-up of an homogeneous polymer concentration in the recirca-
lated water, sinac the polymer solutlion rdegrades when clrculate:i throuch
the 1000 HP centrifugal pump of the high speed channel. Moreover, the
concentration build-up was never allowed to exceed 1 ppm

PRESENTATION OF THE RESULTS

The effects of water and polymer injection on the drag of the foils .
at zero angle of attack are shown in Figure 7. . For water injection, tte. |
percentage change in drag is positlve and decreases as. the velcelty .in-. . .
creases. On the other hand, polymer injection.decreases the -irag over .. . . .
the entire range of speeds tested, though the cfiect. becomes more pro- -
nounced as the free-stream veloclty lncreases. The results also inii- .-
cate that an increase in the injJection velocity of the polymer solutlon . -
produces an lIncrease !n the drag reduction. Finally,. for the same free-
stream and inJjectlon velocities, the drag reduction 1is lerger for the .
larger foll. It can he seen from Figure 7 that the dirrerencca in drag
reduction hetween the 10 and 20 cm fnlls are well correlated in tnrms

of thelr differences in Reynolds number alonc. -

Even at zero angle the 1ift of the foils 1s affected by the in-
Jectlons, Figure 8. While the water lnjection 15 accompanied by the
production nf a negative or negligible 1ift, depending on the length anid
relative thickness of the foll, the polymer injcction gencrates a posi-
tive 1i1ft on both foils over practically the entire ranges of free-stream

vrelocitlies,
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The opposite effects of the water and polymer inJjection at zero
foll angle are clearly demonstrated by the tests performed at a emall
foll angle, Figure 9, There also exists very significant Adifferences
" in 1lift effects, depending on whether the polymer inJjection 1s made on
the suction (upper) or pressure (lower) side of the foils. 1In the first
case, *he 1ift increases with increasling free-stream velocity, while in
the second case, the 1ift decreases with Increasing iree-stream velocity.

Figures 10 and 11 present the changes In 1ift and drag assoclated
with two different rates of inJjection of the POLYOX WSR 301 solution,
for the 1C cm chord hydrofoil and foll angles of 2.7 and 5°, respec=
tively. It can be seen from the figures that the resulia for the two
cases are qualitatively the same, though the smaller angle or attack
seems to have producei the larger quantitative changes. :

The results of the polymer inJjection for the 20 cm chord hydrofoil
and a 2.5° foil angle, are presented in Figure 12. In this case also,
the 1ift increases when the injection 1s made on the suction side, while
it :deereases when the injection 1s made on the pressure side. 1In both
cases the drag 1s significantly reduced. Although the 1ift and drag
effects under polymer Infection conditions are of i1nterest in themselves,
the ultimate effectiveness of the injection in improving the hydrodynamic
characteristics of the foil can only be assessed by considering the
changes in the lift-drag ratio. Figure 13 shows the difference between
the l1lift-drag ratio produced b/ polymer injections on the suction and
pressure siaoes of the 10 cm chord toill. 1In both cases the lift-drag
ratio is significantly increased, although the variations with the
frec-stream velocity are significantly different. The results, for the
20 cm chord foil are similar to those for the 10 em chord hydrofoil.

DISCUSSION OF THE RESULTS

Several important conclusions can be drawn rrom the results de-1~iﬁ%5»¢

scribed in the previous section. These are: -

(1) With polymer 1nJection the drag is generally reduced

regar:dless of whether the injection 1s on the suction or pressure side =~~~

of the foil surface. For the same f'oll angle, rate of injection anﬁ
polymer concentration, the drag reduction erfect appears to be well -
correlated with the Reynolds number.

(11) When the polymer solution 18 injected on the upper surs"

s T

Y

face (suction side) of the hydrofoils, there is, in general, an increase

in 1irft. However, at the lowest free-stream velocities tested, there
appears to he a slight rdecrease in 11ft. The magnitude of the 1lift
elffrct, for equal rates of lnjectlion, polymer concentration and Reynolds
numher, appears to he strongly rdependent on the slenderness ratis of

the foil.

(111) When the polymer solution 18 ejected into the pressure
slde of the foll surface, inereases or cdecreadses in 1lift occur .depending
on the foll angle, relatlive thickness of the foll, and the Reynolds
numher,

E2-20



: (iv) Water inJeotlon under con.iitirng corrL,pcr'lnp to those
tested elther produces negligible effects or erxects cpposite tec those
with polymer Injection.

The atove conclusions are in general qualltative agreement with
those of Lehman and Suessmann (Ref. 6). Specifically, the present results

- £irmly establish the lift-increase and .irag-reduction effects assoclated

thh pclymer 1nJections on the suction side of an hyirofoll. The present
sults alco -lemonstrate that the lncrease in 1ift 1s strongly 1iependent

on the relative thickness of the foll. Figures 8, 102 and 12a show that,

for the same Reynol:ds number, 1.3 X 10 a decrease of the relative
thickness from 20 to 10 percent produces about a tenfold <decreace iIn tt.e
1ift effect.

It 1s unlikely that, for the symmetrlical foll shapes and the
relatively small incidences conslidered here, separation of the roundary
layer from either the upper or lower surface of the foll occurs (Refs.
10, 8) in water at the above Reynolds numbers. Therefore, if nolymer
injection affects the structure of the toundary layer and its separa-
ticn at all, then the only effect which may be -~xpected 1s a 1lift re-
duction due to an advanced scparation. Since the test results demon-
strate the opposite, it appears that the ohserved increases in'l:fp can
only be explained in terms of a changed potentlal-flow pressure dic-
tribution on the hydrofoil surface. The datz indlicate thal the observe-
increases in 1lift may be directly related to the magnitude of the ve-
locity graidtent (and hence the preasure gradient) along the surface of
the foll in the region close to the injection slit, In general, the
velocity gradient lncreases on *he upper surface of an hydrofoil and
decreases on the lower surface when the angle of incldence increases.
The absolute values of the 1ift increases due to polymer Injection are
poltted in Figure 14 against the angle of incidence. It can be seen
that the 1ift changes increase continuously with the angle of incidence,.
as would be expected if the former were dependent primarily on the

‘magnitude of the velocity gradient at the .ocation of the injection slit.

A definitive explanation for the ohserved lift Inérease will have “to t'-
await detailed measurements of the pressure distributions on the hydro- =
foll. Systematic measurements should also be marde for various locations ~u’
of thc clit relative to the leading edge of the folls.  In this context : .
it is relevant to note that the results of Lehman and Suessmann, clearly

~indlcate that the 1ift increases are larger when the inJjection on the. -

upper surface 18 performed closer to the leadlng edge of the foll. = = =
CONCLUDING. REMARKS AND RECOMMENDATIONS

The present tests demonstrate that substantial -increases in the ...
iift=-to-drag ratio of hydrofclils and performance of propellers can te
ohtained by polymer injectlion from guitably located injection slits.

Thus at relatively low velocitiee and lneldence, injection into the
lower (pressure) slde of the folls secms to be more effective, while at
higher velocities injection into the upper (suction) surface seems to be
4efinitely superior. Moreover, injection in regions of high velocity
gradient (that 18, closer to the leading edge) seems to lead to better

regults,
E2-21 ‘
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The present tests have only dealt with tun=itmet ;lonal hyieelcils,

Hewe-ver, from consideratlion- of practliceal appllieation, thren=dimensirrn::
rfects are 1lkely to be qulte Important, since a algnificant Induee:
irag may Lo oxpected to arire, Nevertheless, the present tests offer
ecenslderable evidence on the substantlial 1th augmonfation that c¢an '«

1chieved with proper pelymer injection.
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Fig.2 Block gauges arrangement with mounted hydrofoil
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. Fig.4 Design of the injection slit (all indicated dimensions
are in centimeters)
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