
AD—A035 865 V OLJGH T CORP ADVANCED TECHNQLOr,Y C ENTER INC nALL AS TEX F/S 20/4
HY DRODY NAMIC DRAG OF DISKS WITH COMPL IANT MEMBRANE/SUBSTRATE FA——E TCC L P )
JAN 77 T D REED N00014—69—C— 02 14

UNCLAS S IFIED A TC —B—9 4 3 00 /7C R—1 NL

S
!IGi;’~•l _ 

_ _an nt _WI!!!

~ 
‘- ND

D A T E



L~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ VOUGHT CORPDRRTIOfl

I V ndvanc ed Tecfl nolo q%.$ center , inc.

I 

~._ L : ir ini

I FEB 23 ~~ !J
I . .L .~~~ A



-~ -~~~~~

HYDRODYNAM IC DRAG OF DISKS WITH COMPLIANT

MEMBRANE/SUBSTRATE FACES

Technica l Report

ATC Report No. B-94300/7CR-l

January 1977

Prepared by

1. D. Reed

—~
Prepared Under

Contract No. N0001 4-69-C 0214 ~~ 23 
~~~~~~

Department of the Navy
Offlce of Nava l Research

Ar lington , Virginia 22217 ~

Approved for public release; dist ribution unlimited.

VOUGHT CORPORAT ION ADVAN CED TECHNOLOGY CENTER , IN C.
P. 0. Box 6144

Dallas , Texas 75222

•1
I 



-
~~~~~~~~ ~~~~~~~~ ~~~~~~ T — 

~~~~~~~ 

—

• - AB STRA CT

The rotational drag of a disk , with interchangeable faces of compliant

membrane/substrate combinations , has been measured In a water tank. A dev i ce

for stretch i ng a membrane uniformly and with repeatable results was designed ,

fabricated and successfull y employed. Six membrane materials and three sub-

strate materials were utilized to fabricate over 36 different compliant disks .
Each of these was tested In turbulent flow over a Reynolds number range of

1.77—2.95 * 106. A maximum drag reduction of 19% is indicated from tests with

a heavy pol yurethane membrane unbonded to an organic rubber substrate. This

• amount of drag reduction is inferred from data taken with polyurethane sheet

material wh i ch had a rough surface finish. Thus , additional tests with smooth

pol yurethane membranes are needed In order to verify the drag reductions reported

herein. However, these results tend to follow Ash’s membrane frequency criterion .

But othe r data for similar membranes suggest this criterion may be a necessary

condition but is not a sufficient condition .

It is recommended that future exploratory stud i es of the hydrodynamic

drag reduction potential of membrane walls be done with flat plates in order

to facilitate more detailed flow measurements. 
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NOMENCLATURE

A - Amplitude of surface motion

A~ - Nondimens iona l amp litude , AU /v

a - Outer radius of disk

• b - Radius of center hub

CF 
- Coefficient of average skin friction act i ng on disk

avg
E - Young ’s modulus

F k 
- Peak power frequency of turbulent boundary l ayer

Fvib 
- Fundamental frequency of membrane

h - Membrane thickness

I - Moment of inertia

£ - Length of cantileve r (drive shaft)

M - Tota l drag moment acting on disk

Mm 
- Mass per unit area of membrane

m - Mass per unit l ength of cantileve r

m - Total mass of cantileve rC

P - Gas pressure app lied to inflate membrane

r - Rad i us

Re - Reynolds number corresponding to disk conditions ,

S - Flexura l stiffness

I - Membrane tension

Ue - Ve loci ty at outer edge of disk (wa)

U~ - Ve l oci ty at edge of flat plate boundary l ayer

U1 - Wa l l  shear stress ve l oci ty

J 6 - Boundary l ayer thickness
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NOMENCLATURE
(Continued)

- n - Membrane deflection at r

v - kinematic viscos i ty

p - Fluid dens i ty

a - Poisson ’s ratio

w - Circular frequency

- Fundamental frequency

SUBSCRIPTS

abs - Asbestos subs trate

e - Edge conditions

HD - Hard disk va l ue

sty - Styrofoam substrate

1 iv
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1 0 INTR ODUCT I ON

1.1 COMPLIANT BOUNDARY RESEARCH

Although numerous i nvestigations have been conducted during the past

ten years , there are still no established criteria for des i gn i ng compliant

boundaries wh i ch reduce turbulent boundary layer skin friction . No satis-

factory theory exists , and conflicting experimenta l results have been reported.

As noted recently by Bushnell , et al . 1 , the problem is not straig htforward .

“The walls are exposed to a relatively wide-band spectra l loading and the

structura l dynamics problem is complicated by the necessity of including the

influence of induced aerodynamic forces. The prime variables are multitud i nous

and include : (a) flow parameters such as speed , Reynolds number , boundary

layer thickness , and state (laminar , transitional , or turbulent), pressure

grad i ent and flow med i um (air or water , etc.); (b) structura l configuration ,

i.e., vertica l and/or horizontal layers , two or three dimension s , with or

without pretensioned members and the possibility of non-linea r effects such

as caused by membranes backed with small air gaps ; and Cc) material property

parameters such as density, modulus , damp ing , degree of anisotropy , and the

possible variation of these properties with temperature , v i b r at ion , frequency ,
and ag i ng .”

The basic hypothesis of Bushnell , et al. ’, as to how compliant boundaries

could conce i vably reduce turbulent shear stress , may be summarized as follows .

Previous investigations of the structure of turbulent boundary layers on ri gid

walls have established the existence of bursting frequencies which characterize

the ejection of low momentum fluid away from the wall , e.g. Offen and Kl i ne,2

Strickland and Simpson .3 This low momentum fluid Is replaced with higher

momentum fluid coming from upstream of the burst and moving toward the wal l .

Bushnell , et al. suggest a successful compliant boundary would modulate or

damp the burst phenomena so as to reduce the rate at which low momentum fluid

Is ejected . If this were affected , a smaller velocIty gradIent and a reduced

shear stress at the wall would result. These i nvesti gators also believe this

require s surfaces which can respond with high frequencies and low (A+ < 6)
to moderate amplitudes. Mathematica l modeling of this burst modulation 
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hypothesis is being performed by Prof . Orszag (MIT) under contract to NASA

Lang ley .

Bushnell , et al. have also conducted a critica l rev i ew of all known
compliant wall data . This review discusses experimenta l i nvesti gations of

complIant wall effects on both boundary l ayer transition and fully turbulent

flows . An extensive bibliograph y is also included . Thus, a review of

nonrotating experiments will not be repeated here.

R. N . Brown14 has conducted noise and drag experiments with compliant rotating

cylinders. In these tests at the Nava l Underwater Systems Center , Newport Labora-

tory , 0.159 cm (1/16 in.) to 0.635 cm (1/14 in.) thick rubber and other viscoelastic

layers were attached to the side of an aluminum cylinder. The cylinder was rotated

at speeds up to 30.5 rn/sec (100 fps). Fluctuating wall pressures , cylinder wall

accelerations , radiated noise , and drag were measured. Beyond a critical speed,

drag increases occur , but no cases of drag reduction have yet been reported.

The onl y previous compliant disk experiments , that we are aware of, are
those conducted by Hansen and Hunston .~ ’6 These authors measured the hydro-

dynamic drag of disks with 1/3 cm coatings of 10, 15, 20 and 25~ PVC plastiso l .

They observed the deve lopment of radia l , standing waves in the compliant

surfaces when the disk rotational speed exceeded a critica l value that was

dependent on the shear modulus of the surface coating . An increase in drag

followed the onset of these waves and was ascribed to an effective increase

in surface roughness. However, no drag reduction was measured , even before

the onset of surface waves. Thus , these tests were also unsuccessful in

ach i ev i ng drag reduction .

The ATC rotating disk tests were designed to investigate membrane-sub-

strate comb i nations for two reasons. Firstly, previously reported cases of

drag reduction have utilized membranes , e.g., Ref s. 7, 8, and 9. Secondl y,

it was hypothesized that the onset of standing surface waves on a compliant

disk could be controlled via membrane tension . The test results proved this
to be true , see Section 3.3.

Selection of the membrane-substrate combinations was guided by (1) a
rev iew of materials reported to have been successful in previous tests of

2



flat p lates and (2) the frequency correlation of Ash1° wh i ch indicates the

ratio of the fundamental frequency of the membrane to a characteristic

turbulent flow frequency should be near 1/2. Although this correlation seemed

to prov i de some order to previous compliant flat plate data, independent tests

at NASA Lang ley failed to substantiate this correlation ’
1 However , the lowest

ATC disk drag appears to have been obta i ned with the lowest va l ue of this

frequency ratio (i.e., near one), see Section 4.2.

1.2 BASIC EXPERIMENTAL ARRANGEMENT

ATC Rotating Disk Facility

The tests were conducted in the ATC Rotating Disk Facil ity. ThIs facility,

illustrated in Fi gure 1-1 , consists of a motor driven shaft supported by
bearings and extending into a rectangular tank 165 cm long , 95.3 cm
wide , and 65 cm deep. The top of the tank Is hinged for access and

seals against a rubber gasket when closed . Power is provided by a constant

speed 7.5 horsepower electric motor with a belt driven , variable speed trans-

mission connecting the motor to the drive shaft . The transmission is con-

tinuou sl y variable in output speed from 500 to 5000 rpm . A ri ght-angle gear

box is used in the drive shaft to prov i de a vertica l rotation axis for the

facility. Two right-ang le un i ts are available to prov i de ratios of I nput

to output speeds of eithe r 1 :1 or 2:1 . The 2:1 unit was used in the subject

tests.

Variable rel uctance (no slip rings) torque transducers are mounted beneath

the right-ang le gear box and in-line wlth the drIve shaft to directly measure

torque. Transducers with full scale ranges of 100 and 500 in. lbs . were

utilized for the compliant disk tests.

At the beginn i ng of these tests the drive shaft bearings consisted of
• two water- l ubricated , nylon bushings . In the past , this arrangement had

proven satisfactory for testing small (diameters <28 cm) and lig htweight

disks . However, the compliant disk tests required a larger and much heavier

disk. Preliminary testing with this disk Indicated meta l bearings would be

required to carry the loads. Subsequently, a matched set of super precision
bearings were installed . This resulted in much smoother and more stable

operation at all speeds. 
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Basic Disk Des i gn

A schematic of the compliant disk is presented in Figure 1-2 , and a
photograph of the basic disk frame is shown In Figure 1-3 . The relevant
dimensions of the disk , substrate cavities , membrane retainer rings , and
center hub are given In Fi gure 1-2 . It should be noted that a total of four
0-rings are used beneath the retainer rings and the center washers in order
to obtain an air ti ght seal beneath membranes. This feature along with three
gas passages through the side of the disk~ prov i ded a means for infl ating

the disk and measuring membrane tensIon (see Section 3.2). The gas passages
are indicated by arrows in Figure 1—3 .

The disk , with Plexi g las substrates , was sp in balanced on a Noremac
Vibration Analyzer (Model VAS-1200) at speeds up to 1400 rpm. A satisfactory
balance was achieved by drilli ng three holes norma l to the plane of the disk.
As shown in Figure 1-3, these holes were l ocated beneath the retainer rings
so that the external shape was una l tered .

*Three holes were drilled to facilitate spin balancing .

5
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F i GURE 1-3 BASIC FRAME FOR COMPLIANT DISKS
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2.0 SUBSTRATES

2.1 HARD , REFEREN CE D I SKS AND DATA REDUCTION PROCEDURES

As discussed in the previous section , the disk was initiall y spin ba l anced

with Plexiglas substrates . These substrates were covered with 2 mu Mylar wh i ch

was bonded to them with a spray adhesive . The resulting disk was tested in the

water tank and provided reference data for subsequent compliant disks . This

procedure was followed during the first half of the experimenta l program. How-

ever , after a period of approximately 6 months , it was observed that the Plexi-

glas substrates warped and creeped ; enough that they had to be put back in a

lathe before they would again fit the disk cavity . After this happened twi ce,

it was decided to use something that would not require additional lathe work.

Two additiona l sets of Plexiglas i nserts were on hand with thicknesses of 1/2

and 1/3 cm. (These had been des i gned to serve as spacers for testing differen t

thicknesses of compliant substrates.) Since styrofoam was available and is easy

to cut with a hot wire , approximately 2/3 cm inserts were made to place beneath

the 1/3 cm Plexiglas . Subsequent tests showed the drag (torque) of the lighter
wei ght disk to be less. When this was discovered , substrates of all styrofoam

were fabricated in order to reduce weight of the disk to a minim um. As shown
In Fi gure 2-1 , no additional decrease in torque was measured.* I t was con- - .

cluded that the heavier substrates caused more Imbalance during spin wh i ch in

turn produced greater amplitudes of vibration . The additional vibration
apparentl y resulted in additiona l d rag on the disk. The pos sibility of this
phenomenon was noted by Kempf in 1922 (Goldstein 11 ). With this observation , -.
it was dec i ded to adopt the styrofoam disks , with bonded 2 mil My lar , as the
standard for a hard , reference disk.

it is relevant to note the init ial , hard disk data , obtained with Plexiglas , -.
agreed well with a semi-empirica l estimate of the total drag of a 145.7 cm (18 in.)
diameter disk with a thickness of 2.54 cm (1 in.). These early measurements were

*This study of the effects of vary i ng substrate weight was conducted with the
100 in-lb torque transducer.

8
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FI GURE 2-1. TORQUE DATA FOR HARD DISK WITH THREE DIFFERENT

SUBSTRATES AND TWO DIFFERENT TORQUE TRANSDUCERS
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made with a 500 in-lb torque transduce r and nylon drive shaft bearings. The

drag on a “thin ” disk was estimated using the semi— empirical results of Go l dstein ,11

and the contribution produced by the finite thickness was estimated from the

rotating cylinder drag correlation of Theociorsen and Regier .12 A typ i cal corn-

parison of this data with the estimated drag is shown in Figure 2— 1 . Inte rest-

ingly, the data obtained with a 100 in-lb transducer and a set of super precision

shaft bearings indicate approximately I0~ lower drag for Plexi glas disks .

Comparisons of Goldstein ’s results with Von Karman ’s~~ and the more recent
13numerica l results of Cooper ind i cate the Goldstein estimate may be sli ghtl y

high , see Fi gure 2-2. This fact was also noted by Granvi lle. 1” In addition , it

is probable that drag on the rim of the disk is over-estimated by using rotating

cy linde r data. This superposition procedure ignores the interaction between flow

off the disk face and the flow about the rim. (In fact, the experimental data in
Figure 2-2 suggests there may be significan t interaction between the face and --
rim flows since rim drag appears to be much smaller than estimated). Thus, data -.
from the tOO in-lb transducer appears to be a reliable measure of the true torque.

Since the levels of torque obtained with the imp roved apparatus are consi dered

to be more accurate and the drag of the styrofoam hard disk Is lowest, the follow-
ing data reduction procedure has been adopted . All compliant disk data are norma l—
i zed with respect to the sty rofoam hard disk data. Although this may cause some

of the earl y data to appear high , it assures that none of the compliant wall
data is misinterpre ted as a case of drag reduction .

2.2 COMPLIANT SUBSTRATE MATERIALS AND THICKNESSES

Three compliant substra te materials were used in these tests . Polyurethane — .
foam was selected on the basis of the successfu l results reported by Wa l ters ,7

Mattout ,8 and Weinstein and Fischer .9 Both Waiters and Mattout used Pu foam

with 16 pores per cm (PPC); whereas, We i nstein and Fische r used PU foam with 
-~

39 PPC. Although Pu foam with 16 PPC was ordered from a local vendor , examina-

tion unde r a microscope indicated the material used in the ATC tests had nearly
450 PPC . This material , as measured at ATC , had a Young ’s modulus of 3.45 x 10 N/rn

and a density of 0.029 gm/cc. Two thicknesses of approx i mately 1 cm and 1/3 cm
were tested.

S.
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Polyviny l chloride piastiso l was chosen as a second substrate material
• because Young ’s modul us can be easily varied by changing the resin content.

This material was apparentl y first used in comp lian t wall tests by Hansen and

Hunston ,5 These investi gators used PVC plastiso is , wi thout any membrane

coverings , in rotating disk experiments . The material has also been employed

as a substrate on flat plates at NASA Lang ley by Fischer , et al. 15 These 
-~~~

i nvestigators used 0.0025 cm-thick sheets of My lar as membrane material and

utilized the natura l adhes i veness of PVC plastisol to hold the membrane to the
substrate. The use of PVC plastisol as a substrate was further explored in

the ATC tests by us i ng it both in its natura l condition and with powder on the

plastisol to make it dry and nonsticky . The nontacky condition was cons i dered

to be an i mportan t test since Wa l ters7 reported drag reduction only occurred

without the membrane bonded to the substrate .

Substrates of 1 cm plastisol with 20, 25, and 30% resin content , were

fabricated and tested. Although a rubber cement was used to attach the p )asti- - -

soi to the disk , they tended to pull and stretch away from the center hub dur-

ing the spin tests . Unfortunately, this deformation of the center hole in the

plastiso l was not symmetrical. In addition , it is suspected that the entire

p lastisol substrate stretched nonunlforml y and distributed the mass unsymmetri-

call y over the faces of the disks .* This undoubtedly caused larger amplitude

vibration and more drag . A partial fix was ach i eved by molding an aluminum

center ring into the plastisol. Nevertheless , It is suspected that the comb i-

nation of softness (E 7.58 x ~~ N/rn for 20% PVC plastisol) and a relative ly

high density (p 1.06 gm/cc) caused the measured disk drag to be a few percent

higher than would have been measured for a corresponding disk with perfect

balance . Additional variables , studied in conjunction with plastisol substrates ,
are the effects of vary ing membrane tension , thickness and material , see
Section 4.0.

The third substrate material is chlorinated polyethy l ene wh i ch is referred
to In the remainder of the report as organic rubber. This closed—pore organic

~PVC plastiso ) substrates with less than 20% resin content were not feasible
because of excessive stretching at the center hub and hump i ng of the material
near the outer edge.

- a
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rubber was selected as a candidate material because theoreticall y it can be

molded with a smooth surface , does not absorb water , has a rela ti vely low
density (p — 0.2146 gm/cc), and a Young ’s modulus of 2.145 x 10~ N/rn2.
Originally, it was planned to test this material both with and without

a membrane , but unfortunately the local supp lier of this material was

unable to mold samples with the required size and a sufficientl y smooth

surface. Thus , organic rubber was used exclusively as a substrate with

thicknesses of 1 and 1/3 cm.

13
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3.0 MEMBRANES

3.1 ATTACHMENT OF MEMBRANES TO DISK . .
A schematic of the apparatus for stretch i ng a circular membrane is shown

in Figure 3-1 and is l abeled membrane tension rig. The rig is des i gned to

(1) apply un i form tens i on to a membrane and (2) enable repeatable results . The

procedure used in constructing a typ ica l membrane is as follows . The disk , with

a substrate bonded in p lace , is placed ins i de the stretcher ring , see

Figures 3-2 and 3-3. The depth of the cavity is approx i matel y 0.05 cm greater

than the thickness of the disk frame so that a membrane does not usually touch the
*substrate during app lication of tension . Next, the support p late is placed on

top of the corner bolts , and the membrane , with bar weights attached to the

• edges , is placed on the support plate , Figure 3-4. The clamping plate , wh i ch

has a nonskid rubber sheet bonded to the bottom side , is then placed on top of

the membrane. Four to eight C-clamps are attached around the peri phery to sand-
**wich the membrane between the support plate and clamp i ng plate , Fi gure 3-5.

The bar wei ghts are then removed , and primary tension is appl ied by the

stretcher ring as the clamped plates are lowered. The magnItude of the tension

is controlled by hti gh t of the nuts on the four corner bolts , Figure 3—6 .
In orde r to complete attachment of the membrane, the app lied tension must be

held while the membrane retainer ring , is attached wi th screws. This is done

by p lacing the entire tension rig in a press , Figure 3-7. A heavy cover plate —

is then placed on top of the membrane. The OD of this cover p late is sized to

rest on the outer wall of the substrate cavity and allow the retainer ring to

slide over it onto the membrane , see Fi gures 3-8 and 3-9. Pressure is then 
- .

applied to the cover plate , the C-clamps are removed , and the retainer ring is

attached wi th screws to the disk frame . Finally, a center holding washer is

attached and the edges of the membrane are trimme d flush with the disk . A
finished disk is shown in Figu re 3—10. -.

*An exception occurs when a thick membrane Is already attached to the bottom
side . In this case the nuts on the corner bolts must be raised an appro—
priate amount In order to obtain a given tension . -.

**The number of C-clamps was increased from 14 to 8 as applied tens i on was -~
increased from 125 to 800 N/rn.
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p— 1/2” x 26” x 26”
CLAMPING PLATE
WITH 21” ID HOLE

ci .

_________ - RUBBER GASKET

~~~~~MEMBRAN E
—

- 1 /2” x 1” x 22”
BARWE I GHT (4 REQD)
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SUPPORT PLATE
WITH 21” ID HOLE
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THREADED
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1 1 /2” x 16 1 /2” ID x 19 1 /2” 00
STRETCHER RING

FIGURE 3—1. ATC MEMBRANE TENS I ON RiG
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FI GURE 3-2 . BASE AND STRECHER RING OF ATC TENSION RIG -

•3

F 
_

FI GURE 3-3. STYROFOAM DISK PLACED INS I DE STRECHER RING -.
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FI GURE 3- 14. SUPPORT PLATE AND MYLAR MEMBRANE

WITH BAR WE I GHTS PLACED ON TOP

OF CORNER BOLTS

~
- -- T:~ 

.~..:

FI GURE 3-5. MYLAR MEMBRANE SANDW I CHED BETWEEN
SUPPORT PLATE AND CLAMPING PLATE ,

BAR WEI GHTS REMOVED
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FIGURE 3-6. MEMBRANE LOWERED I NTO POSITION FOR

CONTACT WITH STRECHER R I N G  AND
APPL I CATI ON OF TENS I ON

L~!u1ir.I 
:~

FIGURE 3— 7. COMPLETE TENSION RIG PLACED ON

PEDESTAL OF PRESS
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F I G U R E  3-8. COVER PLATE IN PLACE AND MEMBRANE

RETAINER R I N G  R A I S E D  FOR ILLUSTRAT I ON
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FIGURE 3- 9. PRESSURE APPLIED TO COVER PLATE WITH
RETAINER RING IN PLACE BUT UNATTACHED

a- 19
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FIGURE 3-10. FINISHED COMPL IANT DISK
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FIGURE 3-li. BONDING OF MYLAR TO STYROFOAM SUBSTRATE
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Th is rathe r elabora te procedure is not necessary for constructing hard ,

reference disks . In these cases, the hard substrate is simply sprayed with

an adhesive , the membrane lowered onto the stretcher ring , and subsequen t ly
rolled onto the substrate , Figure 3-lI . After bonding , the C-clamps are

removed , the retainer ring and center holding washer are attached , and the
membrane edges are trimmed . Figure 3-12 shows a typ i cal hard disk.

All of the hard , reference disks were covered with 2 mil My l a r . The

only exception to this was in the case of pol yurethane membranes where membrane

roughness was suspected to be a significant contributor to disk drag ,

Section 14.0.

3.2 MEASUREMENT OF MEMBRANE TENSION

The apparatus used to measure membrane tension is shown in Fi gure 3-13.

Gas passages i n the d i s k  f ra me, Figure 1-2 , permi t inflation of the membrane

so that tension can be measured . In order to assure the gas is dry and clean ,

bottled nitrogen gas is used to pressurize the membrane . Pressure is typicall y

va ried over a range from 0.02 to 0.3 N/cm2 and is measured wi th an MKS Baratron

pressure measurement system. Since a membrane is on each side of the disk , a

h o l d i n g r i n g  is used to support the disk around its outside edge.

Deflection of the membrane is measured via a 1400x microscope . The micro-

scope is s impl y focused on a reference point on the membrane before and after
p ressur i za t ion . Since the depth of focus of this ins trument is less than one

mu , measurements of deflection are conservatively estimated to be accurate

wi thin one m u .

The tension Is then ca l culated by the following equations :

C i r c u l ar Membrane

I = P(a2-r2)/4n

where

P = pressure

a — oute r radius
1) = membrane defledtton at r

21 



FIGURE 3- 12. FINISHED HARD DISK

. 4

FIGURE 3- I3.APPARATUS FOR MEMBRANE TENSION MEASUREMENTS
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Annu la r  Memb rane

r 2 2 ,
4 [ 2 2 a - b In~ r/aT = P a -r + 

T~ (a/b) / fl

where

j b = in ner rad i us

Uniform i ty of tens i on may be checked by making  def lec t ion measuremen ts at
var ious circumfe rential l ocations and va l ues of r. Measurements Indicate the

tens i on is un i form to within ± 6%. Wi th regard to repeatability , the data

indicated tension variations between membranes can be held to less than 10%.

I t may be noted that the membrane tension can be measured before and after

attachment of the cen ter washers (Figure 1-2) . An initial check indicated

that , wi th i n  the accuracy of the da ta , the resul t ing a n n u l a r  membrane d i d  indeed
have the same tension as the ori gi nal , circular membrane.

Membran e tens i on measuremen ts , wi thou t a subs tra te , can be accomp lished with

minimum difficu l ty using this inflation—defl ection technique . Typ ica l da ta
sca tter for tensio ns of approx i ma tel y 340 and 510 N/rn are shown in Figure 3-14.

However , when a My lar membrane is in contact with substrates of either polyurethane
- - foam or PVC p las t isol , large scatter in the pressurized deflection data is

encountered . In the case of pol yu re thane foam , elec trostatic charge between foam

an d My la r is suspected. Applica tions of an antistatic fluid to both the foam and

My l ar did not seem to help. In the case of plas tisol substrates , nonun i formi ties in

the th i ckness is suspected . By the time the membrane is inflated enough to com-

p le tely clear all parts of the plastisol , the gas pressure begins to add signifi-

cant tension to the membrane.

In order to alleviate this problem and move forward with the testing over

the desired range of tensions , a numbe r of membranes were made with a given

tens i on , without the substrates , in order to check repeatability . Once repeat-

ab ility was ascertained , the same membrane stretching procedure was then used to

phice membranes over complian t substrates . The assumption being that flush sub-

strates do not significantly alter membrane tens i on .

23
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In the case of Mylar over an organi: rubber substrate , no problem was

encountered , and tension was measured with this subs trate material in  place .
I Tens i on in latex and neoprene membranes was also easily measured wi th any of

the substrates installed .

3.3 MEMBRANE MATERIALS AND THICKNESSES

Table I prov i des a summary of the membrane materials and thicknesses tested

during this program . The Perfiex E* film was eliminated early in the initi al

tests because of its low resistance to radial wave formation . These waves are

cha rac teri s ti c of comp l i a n t d isks and have been discussed previo usl y by Hansen
“ and Ilunston .

5 Howeve r , it was established that the formation of these waves

.. coul d be delayed to 800 rpm (Re 14.6 x 106) by i ncreas in g tension in  2 m i l
My la r membranes to 800 N/rn. This was found to be i ndependent of substra te

materia l , prov i ded the membrane was unbonded . To place this in perspective ,

Hansen and Huns ton reported a wave-onset Reynolds numbe r of 14.2 x lO~ for
compliant disks consisting of 20% PVC plastisol . Thus , the use of membranes
permits a considerable improvement in the Reynolds number at wh i ch radial ,

-. surface waves beg in to form . Of cou rse i n the l i m i t as T -‘- ~~~, the memb rane

would become a ri gid surface . Therefore, in summary , membrane tension is an

importan t variable wh i ch can be used to contro l comp lia nt wail properties .

-. Two th i cknesses of My lar were tested in order to investi ga te the eff ects
‘ of plate bending stiffness wh i ch is proportional to thickness cubed . The limited

experimenta l results , reported in the fol lowing section , d i d  not i n d ica te any

effect of this variable.

*
Trademark of Union Carb i de.
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TABLE I . MEMBRANE MATERIAL S AND
THICKNESSES 

-

MATERIAL 
- 

THICKNESS(cm)

Perflex E .0051

My lar .0025 . -

My lar .0051 -

Latex .023

Neoprene .i59

Polyurethane .239

Pol yv i ny l Chloride .0076

26 
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4.0 EXPERIMENTAL DATA

Moment coefficient data for 36 compliant disks are presented in a

normalized form. This form of data presentation is conside red to be the most

appropriate because it accounts for tank wall effects , changes in bearing

friction , instrumentation idiosyncrasies , and any other effects wh i ch might

cause errors in absolute va l ues of disk drag . The experimental uncertainty in

these ratios is estimated to be ± 7%~* However , uncertainty in differences for

a g i ven d i s k  or be tween comparab le  weig h t cases is consIdered to be within ± 14%.

The orde r of p resen ta t ion i s on the bas i s of we ig h t , i.e . da ta for the
lightest wei gh t membranes are presented firs t with substrate weight increasing

for a given membrane .

As discussed previously in Sections 2.0 and 3.0, the da ta i n c l u de v a r i a ti ons

of the following variables :

1. Subs trate material and th i ckness;

2. Membra ne ma te r i a l , thickness and tension ; also whethe r bonded or

unbonded to the substrate .

These v a r i a b les are iden ti f i ed  for each case on Figures 4-1 thru 4—18 .

4.1 MOMENT COEFFICIENT DATA

Data for 1 mil Mylar membranes over air substrates are shown in Figure 4—1.

Two va l ues of membrane tension were tested with an air gap of 0.132 cm separating

the membrane from a styrofoam substrate . This configuration was des i gned to test

the hypothesis of Bushnell et al. 1 , v iz, membranes over thin air gaps will tend

to respond to hi gh f re quencies and may be more effective in reducing drag . How-
eve r , for the two va l ues of membrane tens i on tested , th i s  arran gement does not
appear to be very p romising. In fact , the measured drag was lower for the 1 cm

air spacing, Figure 14-1 . Although the membrane tension is slightl y higher for

this configuration , the small air gap data do not indicate any significant effect

of tension . In all three cases, disk drag was higher than the hard , reference disk.

*The data taken early during the program with ny lon drive shaft bearings are high
by as much as 10% and represent exceptions to the above uncertainty l imits. How-
ever , these cases are appropriate ly noted in the followin g data discussions .
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FIGURE 14-I. NORMAL I ZED MOMENT COEFFICIENT DATA

I

28 :1
_ _  

~~-- - - -— .—~~~~~~~ - .~~~~~~-.—-~~ ~~ ---~~-~~ I A



T

• Figure 4-2 presents drag results for disks wi th 1 mil My lar over two thick-

nesses of pol yurethane foam. Membrane tension was held constant at 150 N/rn, but
was tested both bonded and unbonded to 1/3 cm PU foam with a 2/3 cm sty rofoam

spacer to fill the disk cavity . There are no detectable diffe rences in drag of

the bonded and unbonded cases. With regard to substrate thickness effects , the
1 cm PU foam gave s l i g h t l y less drag (4 to 2%). In fact , i t reproduced the hard

d i sk  da ta qu i te w e l l . This  t rend , drag decreasin g with increasing substrate

thickness , is oppos i te to what mig h t be expec ted , since zero thickness PU foam

would correspond to the hard disk. However, the s m a l l  d i f fe rences  in  the da ta
l i e  wi th i n  the experi mental  uncer ta i n ty ,  and thus no definitive conclus i ons can

be made .

Data for 1 mu My lar over 1/3 cm organic rubber are shown in Figure 4-3. The

memb rane tens i on was again 150 N/rn and was tested bonded and unbonded . The drag

leve l is very similar to the data obtained with 1/3 cm PU foam; onl y in  th i s  case ,

the bonded case exhibits slig htl y lower drag . Presumabl y ,  this is due to lower

response ampli tudes in the bonded case.

The same membrane material and tens i on was tested over 1 cm organic rubber.

For this configuration , the bonded and unbonded cases agree within 1% , Figure  4-4.
The l evel of drag is very similar to the data obtained for the 1/3 cm organic

rubber. Thus , it is concluded that the drag of I mu My lar-organic rubber disks

is inse nsitive to small changes in substrate th i ckness.

Fi gure 4-5 shows the effects of varying tension in 1 mil My la r bonde d to
I cm organic rubbe r. Membrane tensions of 0.0, 125 and 190 N/rn were tested.

There appea rs to be a s l i g ht reduction in drag as tens i on is varied from zero to

125 N/rn. Howeve r , there are negligible differences between the 125 and 190 N/rn

cases , and in all three cases the drag was equal to or greater than the reference

va l ues.

Data for the las t disk with I mil Mylar memb ranes is presented in Figure

14-6. The membrane was bonded to 20% PVC plastiso l with a tension of 160 N/rn.

The same data is normalized with both styrofoam and p lex i g las hard d isks  in
order to illustrate the effects of vibration . The data , normalized with styro—

foam , hard d i sk drag Is gene ra l l y h i g her than was measured for lighter weigh t

substrates . When the data Is normalized with Plexiglas hard disk drag , the

I
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moment coefficient ratio d rops much closer to one. Since the discussion in

Section 2.1 established that the Plexig las subs t ra tes caused s ign i f ica nt disk
vibration , this form of data presentation ind i cates the plastisol disks also

have significant vibration . -

In fac t , 20% PVC p las t isol is ve ry d i f f i cul t to place i n  the d i sk cavi ty
so tha t the mass is uniform ly distribu ted . Also , th i s mater ia l  deforms under
centrifuga l loads wh i ch can cause further mass Imbalance . The resulting

transverse vibrations of the disk contribute additional drag .

F i na l ly, i t may be noted that the drag (normalized with styrofoam hard disk)

appears to be higher at the l owest rpm (low Re) and decreases with increasing

rprn * This indica tes that vibration amplitude decreases , rather than inc reases,

with increasing rpm which , in turn , sugges ts an add it iona l phenomena Is Invo l ved.

It is hypothesized that the drive shaft-disk—water tank system has a natura l

frequency near 5 Hz. This corresponds to 300 rpm , the beg i nn i ng rotational

speeds for these tests. Calculations , substantiating thIs hypothesis , are in-

cl uded in later discussIons of Figures 4—9 and 4—10.

The next four figu res presen t data for disks wi th 2 mu Mylar membranes.

The effects of vary i ng tension in unbonded membranes over I cm pol yurethane foam
are shown in Figure 14-7. Moments for these cases are 11 to 22% highe r than the

hard disk , reference values . Observations of these disks with a strobe light did

not revea l any standing waves for the g i ven Reynolds numbe r range. However, since
these da ta we re taken earl y in the prog ram , the highe r drag is partl y a tt ribu table
to the drive train rather than thc disk , See Section 1.2. This conclusion is sub-

stantiated by data shown in Fi gure 4-7 for a bonded memb rane . This data was taken

af ter new bearings were ins ~aIled and agrees closel y wi th the reference values .

Two m il My lar membranes were also tested over 1 cm organic rubber with a

tension of 535 N/rn. These data reproduce the reference va l ues within 1%, Figure
14—8.

The differences in drag due to diffe rences in bearing friction are indicated

by the data of Figure 4—9 . In these cases , 2 mu My lar was tes ted unbonded to
1 cm 20% plastisol . Two va l ues of tension (1 3146 and 510 N/rn) were tested with

*This phenomena is part icularl y noticeable in Figures 14-9 and 4-10.
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with the old bearings , and one va l ue (1 800 N/rn) was tested twi ce with the new

bearings . Assum i ng neglig i ble tension effec ts , the ol d bearings caused the mea-
• sured drag to be approximatel y 10* h igh .

The second tes t with T 800 N/rn was conducted wi th a set of 20% p lastisol

• substrates having small aluminum center rings molded into them. This was

observed to be effective in preventing the substrate from pulling away from the
cen ter hub during sp inning. However, this had no significan t effect on disk drag,

Figure 4-9.

The effects of vary i ng resin content in PVC p las tiso l substrates is shown

in Figure 4-10. The l owest drag was measured for the case of 20% p las tisol.

However , since the hig hest drag was measured for the case of 25% plastisol and

the tota l spread in the data is approximate l y 6% , no defi nite conclusions can

be made concerning the superiority of one subs trate.

Irrespective of differences in bearing friction and data scatter , Figures

4-9 and 4-10 show a rather rap id decl ine i n drag of plas t isol disks wi th
increasing rpm . Th is is suggestive of a corresponding decay i n  amplitude of

v i b r a t i o n , I f  th is  is true , the combined system of drive shaft-disk-water tank

mus t have a natural frequency near 5 Hz. This would exp lain the decay in amp li-

tude as the rotational speeds moves away from a resonant condition . This hypo—

• thesis is supported by the fol lowing calculat ions.

The fundamental natural frequency of a un i form cantilever (in vacuo) is

given by

W i 
= (1.875)

2 
(EI/m 2~

14
)

l
~
”2
, (k—I)

whe re

E = Young ’s modul us

I = Moment of inertia of cross section

m = Mass per unit length

9. = Length of cantileve r,

The corresponding frequency for the bare drive shaft used In these tests is 52.6

Hz. If a wei ght is added to the free end of a cantilever , the natural frequency

is reduced and may be calculated from (McLachlarl l6)
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(4-2)

where

W Mass at end of cantilever

mc z Total mass of cantilever.

Substituting the appropriate va l ues for the drive shaft and the wei ght of a

p las t isol disk , a natura l frequency of 13.7 Hz is obtained . Finall y, when it

is realized that the water also adds an Induced mass to the system , a natural

frequency of 5 Hz (or less) for the complete system is quite plausib le.*

The nex t we i ght membrane is 3 mil viny l. From common experience , it is

known that viny l is quite soft and pliable. In fact , we were unable to obtain

a tension measurement on membranes made of this material because the applied

gas p ress ures caused the v i n y l to creep and change deflection while pressure

was held constant. This characteristic of thin viny l prevents app l ica t ion of
a known tension . Thus , during the fabrication of these disks a low, but suffi-

cien t , tens i on was applied to remove wrinkles In the surface . The resulting

membranes appeared to be smooth and free of wrinkles immediately prior to lnser-

tion in the water tank .

The firs t test of viny l was conducted with the membrane unbonded to 1 cm
‘ polyurethane foam. Standing waves were observed at the beginn i ng rpm and

res ulted in drag being approxima tel y 10% hig her than the reference values ,
Fi gure 14- 11. A photograph of typ ica l standing waves is reproduced in Figure

14-12.

Subsequently, viny l membranes we re bonded to 1 cm polyurethane foam and
organic rubber. This did Indeed delay the formation of stand ing waves . However,
with the exception of one data point , no significant drag reduction was measured,
Figure k—i l .  Although a drag reduction of 4% is ind Icated at the inItial rpm
for the viny l/PU foam case , th is is within the experimental uncertainty (±7*) and
Is not cons idered to be a clea r case of drag reduction. FIgure 4-13 Is an interest-
ing photograph of the severe deformation that occurred when the disk , w ith viny l
bonded to polyurethane foam, was tested at hIgher rpm’s.

The thin my lar and viny l membranes we re tested based on the success
Wa lters 7, Mattout 8, and Weins tein and Fischer 9 reported using these materials

*I n the cases of lighter weight substrates , the imbalance forces are apparently
so small that transverse vibrations are not exc i ted .
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FIGURE 14-12. STROBEL I GHT PHOTOGRAPH OF RADIAL WAVES

WHICH OCCUR AT HIGHER RPM’S
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FIGURE 4-13. SEVERE DEFORMAT ION OF 3 MIL VINYL

BONDED TO POLYURETHANE FOAM SUBSTRATE
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on f lat  plates . Unfortunate ly, these thin , lIght weigh t membranes were singu-
larl y unsuccessful in reducing hydrodynamlc drag of rotating disks . The onl y
othe r exist ing tool for guIding the selection of membranes was the frequency
cor relation of Ash.1° This correlation of reported drag reductions on fiat plates
with membranes Indicates maximum reduction occurs when the natura l frequency of
the membrane is 1/2 of a characteristic f low turbulence frequency . In the case
of an annular membrane, with the dimensions of our disk and subject to the flow
conditions of these tes ts , Ash ’s condition required heavier membrane materials In
order to reduce the na tura l frequency . In addition , it was also des irable. to
select materials whIch would have negligible plate bending stiffness. In order

to approximately satisf y these two requirements , membranes we re fabricated us ing
five sheets of 0.023 cm latex bonded together . The resulting frequency ratios
are discussed in Section 4.2. The corresponding moment coefficients are shown
in Figure 4-14 . The data indicate a drag reduction of approx imately 5* occurred
at the beg inn i ng Reynolds number. This result must be viewed wi th caution since

it is wi th in  the experimental uncertainty (± 7%). The rap id rise in drag with
increas ing rpm Is associated with the init iation of s tanding waves. —

Neoprene rubber was next se lected as a candidate for a heavier membrane
material. A mi l i tary grade of neoprene was used because of its smoother sur-

face finish . Disk drag for the case of 0.16 cm neoprene membranes over I cm

polyurethane foam is shown in Figure 14— 15 . A drag increase of five to three

per cent was measured.

Data for a compound membrane is also included in Fi gure 14—15 . This mem-

brane was designed to see if a light wei ght membrane might respond to the turbu-

lence and pass its energy on to a heavier , foundational membrane . Unfortunately,

- - standing waves occurred In the sing ie sheet of la tex and caused approximately 10%

highe r drag. The use of compound membranes Is an unexp lored possibi l i ty and, in
the author ’s opinion , is worthy of further study . . 

-

As indicated by the drag data shown in Fi gure 14—16, very severe standing

waves occurred In 0.16 cm neoprene membranes when they were bonded , with near

zero tension , to 1 cm organic rubber substrates. This is a good examp le of the
effect of membrane tens i on, I.e. nonzero tens i on is essential whether the mem-

brane Is bonded or unbonded to a complian t substrate .
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The same neoprene ma terial was tested with it bonded to 1/3 cm polyurethane
foam and I cm 20~ plas tisol. In the case of the PU foam substrate , the membrane

tension was 205 N/rn and standing waves formed very suddenly near 2.2 million

Reynolds number wh i ch caused more than a 30% jump in drag , Figure 14-16. Compari-

son of data for neoprene membranes unbonded to 1 cm PU foam and bonded to 1/3 cm

PU foam indica tes no si gn i f ica nt diffe rence in d rag leve l (prior to radial wave

formation) . The drag of the plast isol disk is approximatel y 10% higher than the

reference va l ues. Thus , the re was no i ndica ti on tha t the use of the rela t ively
heavy , but soft , neoprene is a useful memb rane ma terial for disks .

Pol yure thane sheet was selected as the final membrane material. Polyure thane
was suggested by the work of Pelt 17 who used i t for compliant tube experiments .

This material was selected for the comp l ia nt disk tes ts beca use it has a rela t ive ly
high dens i ty (1 .22 gm/cm3), is commerc ia l l y available in a large range of thick-

nesses , and is soft enough to have low flexural stiffness. Sheet ma terial with a

th i ckness of 0.24 cm and a durometer rating of 50A was selected for testing. For

the selec ted t h i c k ness , this is the sof tes t pol yurethane sheet that was commer-
c ia l l y available.

Unfortunately, the roll of poly urethane sheet that was rece i ved for testing

had numerous pits and hairline scratches . After installing membranes of this

mater ia l  on the disk , attempts to measure tension via inflation were unsuccessful

because a cons tant p ress u re cou ld not be mai ntained . It appeared that small , pin-

hol e size leaks existed in the material. However , based on previous experience
wi th 0.16 cm neoprene rubbe r, tension in the pol yu rethane membranes was es t ima ted
to be around 250 N/rn.

These membranes were mounted unbonded and over substrates -of 1 cm PU foan,

and organic rubber. Torque data for these two cases are shown in Figures 4-17

and 4-18. These data are normalized with respect to two different hard disks .

The open circles are the results of normalizing with the standard styrofoam

hard disk used throughout this report. The filled circles are the results of

normalizing wi th drag data obtained from a disk wi th i dentical membrane material

bonded to r i gid subs trates made from asbestos ceiling tile. This was consi dered

necessary because of the possible drag increase caused by the relative ly rough
polyurethane . It is readil y seen that the two sets of different hard disk data makes

conside rable difference in the ratio of moment coefficients . I n the case of PU
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I
foam substrates ,there is a full 10% di f fe rence In drag between the two methods
of data presentation . A max imum drag reduction of 8.5% is obtained at the high-
est Reynolds numbe r by normalizing the PU foam data with the corresponding
asbestos hard disk data. The PU foam substrate allowed sudden formation of large ,

1 radial waves immediately after the last data point shown in Figure 4-17. There-
after , the drag increased 50% and was unsteady.

As i ndicated in Figure 4—18, a drag reduction of 19% is obtained at the
highest Reynolds number by normalizing the organic rubber data with the abestos
substrate data .* A definite indication of resonance was observed wi th these
heavy membranes . The tank sidewalls were observed to noticeabl y vibrate at the

flow conditions correspondIng to the open circle minimums of Figures 4-17 and

4-18. These vibrations could not be felt at lower Reynolds numbe rs nor at any

condition with other disks .

However , it must be emphas ized that a disk with d rag less than the styro—
foam hard disk was not directl y measured. Instead , an increase in drag was

measured wh i ch is presumed to be caused by roughness of the polyurethane mem-

brane . This apparent roughness effect Is ill us trated in Figure 4-19. Drag of
the disk w i th  polyurethane membranes bonded to r igid substrates Is 9 to 33*
higher than the corresponding drag of the reference disk wi th my iar bonded to
r ig id subs t rates .

In order to obtain a more direct comparison of surface roughness , a Mitutoyo
Surftest B (Model 1 78-904) was used to measure surface roughness. This instrumen t

traverses a sty lus (r = 12.5 i~ with a force < 1 .5 gm) over the surface be i ng mea-

sured and provides a readout of the rms surface roughness. The 2 mu my lar mea-

sured 0.25-0.30 microns ; whereas , the pol yurethane measured 0.76-2.3 microns .

Although this is a significant difference , it Is suspected that an even larger

difference actually exists because surface irregularities in the much softer

pol yurethane would tend to be pressed down and smoothed by the sty l us.

*It is relevant to here note the organic rubber (E = 2.45 x 10~ N/m
2) substrate

delayed the formation of standing waves relative to the PU foam (E 3.45 x 10
N/rn2) substrates .
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‘ I
14.2 ASH’S MEMBRANE FREQUENCY CORRELATION

As mentioned previous ly ,  a rela t ive ly heavy membrane is requi red fo r the
145.7 cm diameter disk in orde r to evalua te the usefulness of Ash’s ’° frequency
correlation of previous compliant , fla t plate data. This correlation suggests

that the ratio of the natura l frequency of a membrane should be approximate l y

1 /2 of the peak power frequency of the turbulence . Ash sugges ted the character-

izing frequency of boundary layer turbulence be calc u la ted usi ng

F k 
= U~/2ir~ . (4-3)

This can be adapted to the case of a rota t ing disk by assuming ~~ = wr and

employ ing an exp ressio n developed by Coope r for boundary l ayer thickness on a

rotating d i s k , viz.

6 = 0.1814 r0’75(v/w)0 125 
. (4-4)

A representative va l ue for r is 11. 14 cm, the distance from the spin axis to the

half-radi us of the annular membrane . The resulting flow frequencies vary from

138 Hz at 300 rpm to 2145 Hz at 500 rpm. The dis tribution of these frequencies

wi th rpm are shown in Figure 14—20. As an indication of how the frequencies va ry

across a face of the disk , flow frequencies at the outer rad i us of the membrane

are also incl uded in Figure 4-20.

Ash found that mos t of the data from previous ly reported cases of drag reduc-
tion fell within the band shown in Figure 4—21 . The corresponding data for the

d i sks wi th pol yurethane membranes show a very similar trend . The fundamental

frequenci es of the annular membranes we re ca lcula ted by using (e.g. McLachian 16)

0.262 (1 X IO
~

/Mm)~~
’2

where T = Membrane tension - N/rn

Mm = Membrane mass per uni t area - gm/cm2

Unfor tunatel y, the corresponding data for ‘la tex (Figure 4-114) and neoprene

(Figure 4- 15) membranes over 1 cm pol yurethane foam do not show a similar trend ,

see Figure 4-22.
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1
— Al though the f requency ratio has the correct order of magnItude , the latex data

indicate an opposi te trend with frequency. However, this may simply be due to

- - 
the formation of standing waves wh i ch caused a rapid drag Increase with Increas-

ing rpm (decreas i ng Fvib/Fpeak)~ But the neoprene data clearly suggest there

are other variables invo l ved. Thus, Ash ’s correlation may be a necessary condi-
tion but does not appear to be a sufficient condition .

Obv i ous additiona l variables are substrate properties and Impedance of

the water. Water i mpedance reduces the natural frequency of a membrane. In

addition , flexural stiffness is Ignored , i.e.,

3
— 

Eh (4—6)
12 1 — a

The corresponding va l ues for the test membranes of polyurethane , neoprene and
- - 

latex are 0.376 N-cm , 0.0958 N-cm , and 0.0280 N-cm, respective ly. Thus measured

varia tions in drag (Figures 4-21 and 4-22) do not show any consistent dependence
on stiffness. In the case of p late bending , It can be shown f rom the appropriate
equations of motion that the effects of flexura l stiffness increase as f requency
increases and wavelength decreases . Therefore , If it is indeed Important for a
membrane to respond to the hi gh frequencies of turbulence In order to achieve
drag reduction ,1 f lexura l st i f fness would be an important variable. Although
the limited data presented here cannot be considered conclus ive , it does not
lend support to this hypothesis.
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5.0 CONCLUSIONS AND RECOMMENDATIONS -.

Based on these compliant disk tests , the following conclusions have been
reached. 

- -

1. Light we ight membranes were not effective in reducing drag . Whereas ,
heav ier memb ranes appear to be more promising wi th  up to 19% drag
reduction . This trend follows Ash’s membrane frequency correlation .
Howeve r , data for disks with heavier membranes also suggest that
Ash ’s correlation may be a necessary condition but is not a sufficient
condi tion.

2. D isk drag was not found to be very sensitive to va l ues of membrane

tension greater than 100 N/rn. In cases where tens i on was near zero,

standing waves tended to form at low rpm ’s, and disk drag increased.

3. Bondi ng a membrane to a given substrate was found to be effective

in delay i ng the formation of standing waves . However, no cases of
drag reduction were ach i eved with this method of assembl y. In the

cases where drag reduction occurred , the membranes we re unbonded
in agreement wi th  the f lat plate results of W a lters 7 and Bushnell
et a l . 1

14 . The formation of standing waves in a membrane is de layed to highe r
Reynolds number by increas i ng Young ’s modulus -of the substrate

material. The greatest drag reduction was achieved with organ ic —

rubber (CPE) wh i ch has a large r Young ’s modu l us than any of the

other candidate substrate materials . Thus , the softest substrates

are not effective for reducing turbulent skin fr ict ion in water.

5. Because of the contribution of vibration to the drag of p lastisoi

d i sks , smal l reductions in drag would have been masked. Thus ,

these spin tests are not considered to be a rel iable measure of the
drag reducing potential of p lastisol substrates .

It is reconanended that disks wi th polyurethane membranes be retested with

smooth material. The purpose Is to verify the 19* drag reduction wh ich was
inferred from data taken with rough polyurethane membranes .
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In order to avoid the vibration and flow measurement problems associated
wi th ro ta t i n g  appara tus , it Is suggested that a f lat plate be used as the basic
test surface in future exp loratory studies . This would allow detailed flow
measurement s , and the reby pe rmit a bet te r anal ysis of the interaction between
turbulent , hydrodynamic flows and compliant boundaries . Also , if the effective-
ness of polyurethane memb ranes Is verified , this type of complian t boundary

should be tested on a flat plate . Althoug h the diffe rent geome t ry may require

differen t membrane thicknesses in order to achieve the des i red frequency ratio
of one-half. Finall y, the comparison of surface properties of successfu l coin-
pliant disks w i th  comp liant f lat plates may reveal some of the additional key
variabl es.
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DRAG REDUCT ION BOUNDARY LAYERS (TURBULENT)

• I COMPL IANT WALL ROTATING DISK
MEMBRANE WALL HYDRODYNANIC FLOWS - - --
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- A dlsk wIth interchangeable faces of compliant membrane/substrate combinations-- ‘ ~ —ties beer~tsp in_tested In a water tank. A dev ice for stretch ing a membrane

J i ~
uniforml y and with repeatable results was designed , fabricated , arid success-
fully employed. S ix membrane mater ials and three substrate materials were
ut i l ized to fabricate ove r 36 dIfferent comp liant disks . Each of these was
tested In turbulent flow over a Reynolds number range of. 1.77-2.95 X I l~~~~. ~~~—~~~~
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A max imum drag reduction of 19% is indicated f rom tests wi th a heavy
,
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polyurethane membrane unbonded to an organic rubb.r substrate. This amount -.
of drag reductIon Is inferred from data taken with polyurethane sheet -

material which had a rough surface finish. Thus additional tests WIth Jj~~ ,~1~ -
“

smooth polyurethan. membranes are flOOtOI~~~
V
~~~l._

~~~~~~ ~o verify th~~~ ir
’ - 

-

reduct ions -reported ~~~~~~ How.v~~ PI
~nsA res~Wtsiend to fo llow Ash’s

membrane frequency criterlon~ —eut)other da~a for similar membranes suggest 1..
this criterion may be a necessary eon t+airbut ’f’~ not /sufficlent -

condition . - -
~ - 

- .

—--—--—- - V -

— It Is recoamiended that future exploratory studies of the hydrodynainic drag
reduction potential of membrane walls be done with flat plates In order to
facilitate more detailed flow measurements. 

-

I~f 7

SICUNITY CLAMIPICATION OF tIllS PUSEONIS IRis ~~N...4

~ 

TT~


