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PREIFACE 

The work reported herein is an experimental effort to detel'llline the 
effeots of polymer additive and roughness on surface pressure fluotua­
tions. The studies were sponsored' by the Naval Ship Research and 
Development Oenter, Department of the Navy, under Oontract NO0014 ... 67,.; 
A ... Oll:; ... 0007 and were oarried out in the period between Ootober 1967 
and April 1970. Thanks are expressed to, J. M. Wetzel and Edward Silberman , 

' for their review of the report and to Mrs. Shirley Xii for preparing the 
manusoript. 

Raw data have not been presented in the report, but are available 
from' the st. Anthony Falls Hydraulio Laboratory. 
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.ABSTRACT 

~erimental measurements were made to deter.mine the 
effeot of. drag reduoing polymer additives on the surface 
pressure fluotuations on smooth and rough surfaces in relative 
motion with water. 

Changes in surface pressure fluotuation intensity were 
found to be olosely related to changes in surfaoe shear when 
shear ohange was oaused by the addition of drag reduoing 
polymer, by a ohange in surfaoe roughness, or by both of these. 

-xi-

~~~~~-------~-----' ----~-----





THE INFLUENCE OF DRAG REDUCING POLYMER ADDITIVES 
ON SURFACE PRESSURE FLUCTUATIONS ON ROUGH SURFACES 

I. INTRODUCTION 

S'1.l:t'faoe press'1.l:t'e fluotuations on S'1.l:t'faces in relative motion with a 
fluid have been the subject of considerable investigation with regard., to 
vibration an5i noise of airoraft. Much interest has also arisen in S'Ul:'­
face press~e fluctuations as part of the more general phenomenon of 
turbulent flows, particularly as influenced by polymers. An extensive 

I bibliography of current literature has been given by Skudrzyk and Haddle [1]*. 
'llhe majority of the experimental work'on surface pressure fluctua­

tions has been carried out in air. The few investigations in water [2, 3, 
4, and 5J have shown no apparent'difference in results from those in air 
when scaling has been appropriate. 

The physical picture commonly used as an analog for 'the source of 
surface press~e fluctuations is that of an ensemble of vortices with their 
associated pressure distributions which are convected past a measuring 
point on the surfaoe. The pressure pattern of the vortices as they are 

'\"- ' swept past the measuring point gives rise to a temporal variati6.p. of 
pressure at that point. Part of the measured pressure is due to the motion 
of the vortices and part to the temporal decay of the vortex and its pres­
sure pattern. Pressure fluctuations due to turbulence production may also 
be present [6J. The eddies are assumed to arise from a "breakdown" process 
in the viscous sublayer. However, pressure measurements give evidence of 
components both from the sub layer and from the outer flow which have been 
convected near the measuring point[7]. 

The magnitude of the response of a ~urfaoehydrophone.placed at the 
measuring point will depend on the pressure signature of the vortex modi.;,. 
fied by the relative sizes of the vortex and the hydrophone both along 
and across the flow [8J and by the relative distance of the vortex from 
the surface [9J. Measurements of the convection velocity of the pressure 
pattern past the hydrophone indicate that the vortices are moving roughly 
with the local stream velocity at their respective distances from the surface. 

*Numbers in brackets refer to list of references on pages 15 and 16. 
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A relationship between the convection velocity and the size of the 

vortex becomes apparent, since it is possible for a smaller eddy, on the 

average, to occupy a position closer to the wall than a larger eddy, and it 

will as a result have a lower convection velocity. This is reflected in 

the fact that high-frequency pressure fluctuations associated with smaller 

eddies have lower convection velocities [7J. 

Drag reducing polymers have been shown ~o reduce drag through their 

effect in or near the viscous sublayer region. Meyers [lOJ has shown 

that one of the more e'asily observed effects is a thickening of the sub­

layer region. This can be determined from velocity profile measurements. 

The l;3urface pressure fluctuations have a component arising in or transported 

through this region; consequently, it is reasonable to expect polymers to 

have an effect on surface pressure fluctuations also. A semi-theoretical 

study by White [llJ predicts that wall pressure fluctuation will be reduced 

if shear is reduced by a polymer additive. White postulated in addition, 

however, that pressure fluctuations are also dependent on a parameter 

having a dimension of length which he called H. It is equal to the 

zero intercept distance from the origin of the correlation f~ction 

<; ::) ~n which v and v' are the velocity components normal to the 

flow boundary and x and x' are the distances along the flow at corre­

sponding points. The parameter H was postulated to depend on the nature 

of the polymer additive. This added complexity introduces the possibility 

that the best drag-reducing polymer might not necessarily be the best 

surface-pressure-fluctuation reducer. 

An experimental determination of the effect of drag reducing polymers 

on surface pressure fluctuations on rough surfac:~s is reported here. A 

limited amount of data on surface pressure fluctuations from rough sur­

faces can be found in Refs. [7J and [12J. The work reported in these 

references was carried out in air and should correspond to the zero 

polymer additive concentration case reported here. 



II. EXPERIMENTAL :i?ROCEDUBE 

The surface pl?essure fluctuation measurements were made in a l?otat­

ing cylinder test faoility. The facility consists of a cylinder 1 ft in 

diameter and 1 ft long positioned to rotate axially in a cylindrical 

3 

steel tank 6 ft in diameter and 6 ft <Leep (Fig. 1). The rotating cylincler 

was supported by a hollow stainless steel shaft which waS in turn mounted 

in two water-lubricated rubber bearings. The bearing on the driven 

(upper) end. of the sha~t was mounted. in a wooden frame separated from 

the tank. A "V" belt drive transmitted power from an electric motor 

drive. This system was necessary to reduce maohinery noise enough 

that it could. be neglected in most pressure measurements. (Background 

nois~. was measured at at least 10 db below any pressure intensity levels 

shown in this report.) 

The top of the cylinder was submerged 2 ft below the water surface. 

The second. rubber bearing and a circular plate were mounted. immediately 
I 

above the cylinder. The second bearing was lightly loaded and did not 

produce much noise; the circular plate prevented the intl?oduction of air 

into the core of the vOl?tex generated during high-speed motion. The 

supporting CrOSS-al?ID fOl? the bearing and plate also served to reduce the 

rotation of the fluid in the tank. 

The rotating cylinder was constl?ucted of synthetic wood material 

(Renwood) with 3-inch-thick walls. The ends were capped with 1/4-inch­

thick circular brass disks and then with'4.5° synthetio wood oones. A 

hollow oentel? section provided space.for instrumep.ts. Measurements 

showed this construotion to be fl?ee of mechanical l?eSonance peaks in a 

measured backgl?ound noise spectl?um. The cylinder and end oones were 

finished wi.th a heavy coat of epoxy paint, then machined to a O.OO~ in. 

l?Unout, dynamioally balanced and waxed and polished to a high gloss fOl? 

smooth surface tests. 

Surfa,ce roughness was pl?oduoed by spl?aying the surface with laoQ.uer 

and dusting glass beads on the surface while the laoQ.uer was still tacky. 

(Two sizes of roughness were used, 0.018 and 0.015 in. diameter.) 

A set of strain gages was mounted on the drive'shaft of the rotating 

cylinder and served to measure the total torque exerted by the fluid on 
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the oylinder and end cones. A second dynamometer mounted on a similar 

meohanioal bearing and shaft assembly with only the end cones duplicated 

measured the total drag on end oones alone. The measured drag on the 

oylinder oould thus be correoted for drag on the end oones to permit oal­

culation of average shear. 

The surrounding tank capaoity was 1260 gallons. The tank was filled 

to a depth of 5.5 ft either direotly from the ~ioipal water supply or 

from the oontents of the laboratory's water tunnel. (The munioipal water 

supply is processed river water.) The water tunnel is equipped with an 

air separator and pressure oontrol. These make possible the rapid removal 

of disSolved and free air from the test water to aohieve the desired air 

concentration level in the tank water. The total air content of the water 

was measured with a Van Slyke apparatus. A low air content for the water 

was required to reduce cavitation on the roughness elements. A steam heat 

exchan~er was also installed in the tank to permit adjustment or control 

of water temperature. The temperature was held at 700 F for most tests. 

Polymer was added to the tank to the desired concentration. The 

solution of water and polymer was allowed to stand at least overnight to 

permit complete dissolving of the polymer and to reduce the viscoelastic 

effect which many investigators have reported with freshly mixed Polyox 

301. Ten ppmw borax was added to the polymer solution in the most recent 

tests. It was found that this tended to extend the life of the polymer 

solution and improve oonsistency of measurements. 

The fluctuating pressure on the surface of the rotating cylinder was 

measured by a flush-mounted hydrophone 1/8 inch in diameter obtained on 

loan from NSRDC and described in Ref. [13J. The signal from the hydro­

phone was amplified by a low-noise preamplifier mounted within the rotating 

cylinder before transmission to the remaining p:pooessing equipment through 

a slip-ring on the cylinder shaft. The rms pressure (broad band) was 

measured by a Ballant.ine 300 true rms voltmeter and the power spectrum by 

a Quan-tech frequency analyzer. The surface pressure hydrophone and pre­

amplifier low-frequency "roll-off" began at 200 Hz (3 db point). Back­

ground noise measurements were made by recessing the hydrophone 0.020 in. 

and covering the surface of the mounting hole with a brass shim stock. 

This produced a small air oavi ty above the hydrophone which 



acoustically isolated the hydrophone from surface pressure fluctuations. 

These measurements showed background levels to be at least 20 db below 

those measured with the cover removed. 

Pressure fluctuations were measured on the surface of the cylinder 

as a fundion of frequency as the frequency analyzer slowlysoanned the 

frequenoy range. The polymer oonoentration (Polyox 301) was increased 
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by inorements up to a maximum of 1000 ppmw. The speed range of the drum 

surface was increased by inorements from 12 fpsto near 60 fps. The ooour­

renee of cavitation prevented data taking at hi~ler speeds. 

III. BOUNDARY LAYER CHARACTERISTICS 

A flat plate is the usual reference body for the investigation of 

surface pressure fluctuations or the effect of polymers in water solu­

tion on fu~ag. The rotating cylinder has a more complicated boundary layer 

thana. flat plate, and so considerable effort is required to demonstrate 

the usefulness of this device in tbese investigations. The rotating cy­

lin'der's greatest merits are that independent average shear measUrements 

oan be made by means of a torque dynamometer and that it has a minimum of 

moving maohinery which generates noise. ~le latter feature is essential 

when measl~ing radiated noise which may contribute to the high-frequency 

part of the surface pressure fluctuation. 

The turbulent flow between concentric rotating cylinclers has peen 

described by Pai [14]. The velocity distribution arises from the motion 

of the cylinder and the ring-shaped vortex around. the cylinder which 

transfers momentum to the flow near the boundary. Pai identified two 

regions (designated "A" and IIB") in the flow as shown in Figs. 2 and 3. 
Although a much larger gap was used in the present investigation, dye 

tracer measurements have shown the conical ends give rise to two vortices 

which apparently stabilized two more vortices adjacent to the cylinder 

surface, much as in Pails sketch. Pails type "B" flow exists at the 

center of the oylinder where surface pressure fluotuations and. velooity 

measurements were taken. The flow between 3 in. and 18 in. from the oylinder 

surface agreed with Pails findings DR = Const., where U is the tangen-

tial velocity at radius R from the oenter of the oylinder. Closer to 
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the rotating oylinder surfaoe, the measured flow velocity fol~owed a semi­

logarithmio law. Type "A" flow (Fig. 3) exists near the ends of the 

cylinder. If an analogy is made with flow over a flat plate, type "A" flow 

may be said to correspond to an adverse pressure gradient and type "]" flow 

to a favorable pressure gradient. Examination of the semilogarithmic plot 

of velooity on Fig. 6 for pure water flow shows that the "wake region" 

(y+ > 10L~) does have a form analogous to a flat plate with a favorable 

pressure gradient [Ref. 20J. 

A typioal velooity profile is shown with natural soales in Fig. 4. 
The boundary layer thiokness a, the displaoement thiokness a* and the 

momentum thiokness g are also shown on the figure. The three boundary 

layer thicknesses were determined graphioally as follows: The velooity 

profile was plotted as a function of distanoe on logarithmio paper and 
-x- . 

the slope "n" determined. The ratio of 8/a and a/g can be e:Jqlressed 

in terms of n. Repeated determinations of 8, 8*, and g were made by 

a planimeter until the above ratios were found. This procedure was neces­

sary because the transition from a semilogarithmio profile to a DR = 
Const. profile is very diffioult to reoognize as both types of profiles 

are very flat at the outer region of flow. The shape factor defined as 

8*/g is shown in Fig. 5 from Ref. [20J. Present measurements from the 

rotating cylinder have been added. It can be noted that the added points 

fall below the faired line for zero pressure gradient on a flat plate. This 

is again in acoord with observations suggesting that the rotating cylinder 

boundary layer is analogous to a favorable pressure gradient boundary layer 

in the central region of the rotating cylinder. 

Fig. 6 shows several measurements of velooity profiles on the rotat­

ing oylinder presented on a semilogarithmio plot. The upward shift ~ 

with thA addition of polymer is nearly the same magnitude as occurs on a 

flat plate for the same effective concentration. (:M:aJcimum drag reduction 

for Polym( occurs in the region of 50 and 100 ppmw.) The downward shift 

with the addition of roughness and the shift back toward the smooth surface 

profile value with the addition of polymer are also apparent [17J. 

It thus can be argued that the "inner region" of the boundary layer 

on a rotating cylinder is very similar to that of the plane boundary layer 



in that all the usual effects of roughness or polymer additive are present 

to approximately the same degree. The flattening of the profiles in the 

"outer region" is typical of a favorable pressure gradient. In the case 

of the rotating cylinder, the effect of a favorable pressure gradient is 

produced by the superimposed flow toward the central region. The solid 

lines are extensions of data from Ref. [18J. Drag meaourements in this 

study correlate well with the data [16J~ The Values of R/R express the 

e<;Luivalent surface roughness necessary to give the drag meaSurement results 

of Ref. [16J where K is the e<;Luivalen-b diameter of roughness. 

IV. BOUNDARY LAYER MEASUREMENTS 

Table I gives the boundary laye'r parameters for several cylinder 

surface speeds and two surface conditions. 

Figure 7 shows the drag coefficient Cd' calculated from the moments 

measured by the shaft dynamometer, as a function of Reynolds number ,based 

on cylinder radius. Correction was made for the drag of the conical.ends 

by measuring tor<;Lue exerted by the cones separately. The two flows 

described earlier as types "A" and "B" exist ,at various places on the 

cylinder surface, as do inte:rrnediate patterns. Eaoh region can be expected 

to have a different drag coefficient. All these contributions are average:d 

into the moment measurements to obtain the average drag coefficient and the 

wall shear stress 1:0 • This raises some <;Luestions regarding the use of 

this average wall shearin place of the local shear in this report for 

correlating wall pressure fluctuations. 

Figure 8 compares the dimensional plot of surface pressure fluctuation 

amplitude against fre<;Luency for a boundary layer developed ona rotating 

cylinder with the boundary layer at a specific point on a body of' revolu­

tion which was propelled by buoyancy [3 J. The free-stream velocity of both 

the rising body and the rotating cylinder was 62 fps. Each apparatus had 

a 1/8 in. surface-mounted hydrophone. It is assumed that the active areas 

of both hydrophones were e<;Lual to their diameters. It is curious that the 

two spectra match, even in small details. 

7 
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V. BROAD BAND PRESSURE FLUCTUATIONS 

The simplest measure of fluctuating pressure is the broad-band rms 

value (p'). The ratio p,/~o as a function of cylinder Reynolds number 

for a variety of conditions is shown in Figs. 9 and 10. Figure 9 shows 

p,/~ for smooth surfaces and Fig. 10 for rough surfaces. Comparison 
o , 

using the ratio P' /~o shows that broad band surface pressure fluctua-

tions, when compared on the basis of average shear, remain nearly constant 

with the addition of either drag reducing polymer or roughness to the sur­

face. This indicates that the observable changes are largely due to 

changes in shear. There is a trend, however, toward higher values of 

pl/~ with the addition of polymer. 
o 

VI. PRESSURE SPECTRA 

Spectra of surface pressure fluctuations are frequently correlated on 

the basis of r(~) vs. w~* where ¢(w) is the mean square pressure 
Q V 8* 

per radian, 'wis 2'T1' times the frequency, Q is the liquid density, 8* 
is the boundary layer displacement thickness, and V is the cylinder surface 

velocity. It has been argued from dimensional considerations [iIi Ref. 5, for 

example] that the high frequency part of the pressure spectrum should be 

correlated on the basis of "inner law" parameters, while for the low fre­

quency part 8* might be appropriate. Examination of the data of a number 

of authors has shown correlation with 8* over the entire frequency range 

when the change in 8* was small. However, in Ref. [20] 8* was chrolged 

considerably by imposing adverse and favorable pressure gradients. It ap­

peared that the high frequency part of the spectrum might have been better 

correlated with a constant length scale, while the low frequency part might 

have been scaled with 8*. 

If the assumption is made that the high frequency part of the pressure 

spectrum arises from the "inner law" and sublayer regions, then it would not be 

expected that the high frequency part would be influenced by pressure gradients, 

as the "inner lawli region of the boundary layer is not affected by pressure 

gradients. The overlap region of the velocity profile, hO'\lrever, reflects 

ch~s in 8*, and thus some of the low frequency pressure fluctuations may 

arise in this regi.on. Measured convection velocities of approximately 0.8 of the 
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free stream velocity [7J for the low frequency part of the spectrum give further 

evidence that this 'part of the spectrum is associated with the overlap region. 

One of the more easily observed effects, of polymer addition on rough­

ness on boundary layers is a shift in the y+ vs. U+ line as shown ~n 
Fig. 6. This gives strong evidence that the effect of pol;ymer addition 

and roughness is limited to the inner law region. 

In view of the above arguments, a oonstant length rather than 8* 
will be used to oorrelate pressure spectrum data to show. the influence of 

the combination of roughriess and polymer addition. The most readily avail­

able length is R, the radius of the rotating cylinder. The justification, 

for this choice is by analogy with pipe flow when the pipe diameter is 

used. The rotating cylinder has a feature in common with pipe flow in 

that the boundary layer thickness does not change in the direction of 

flow. In addition, the cylinder radius R was shown to be useful in 

correlating drag coefficient measurements '([16J and Fig. 7). 

Figure 11 is a composite plot of 38 reoords taken on the smooth 

cylinder at 12 to 102 fps velooity over a one-year time span. The solid 

line ~s a least square fit to the coordinates. The data were taken from a 

previous study [18J. They were arbitrarily broken down into four sets and 

each set assigned a different symbol so that the teletype which produced 

the plot would superimpose symbols in the region of mos't frequent occur­

rence and produce the visual effect of a variable density of points. 

Figures 12 and 13 show the effect of Polyox added to the water in 

various concentrations. A reduct;ion in intensity is evident at all fre­

quencies with the greatest reduction at low frequencies. Figure 14 shows 

the effect of extreme ra.nge in Polyox 301 ooncentration. Ten ppmw shows 

good reduction at low frequencies, while 1000ppmw shows littleeffeot. 

Figure 15 shows the effect of roughness on surface pressure fluo­

tuation as oompared with a smooth surfaoe. ,It appears that rough data 

aTe shifted upward over the entire range of frequencies with the greatest 

shift at low frequencies. It is believed that the ohange in slo);>e at log 

wn/v > 2.5 is due to radiated noise. Referenoe [5J has previously shown 

suoh a ohange.in slope at high frequenoies on a rotating oylinder and at­

tTibutes this to radiated noise using dimensional reasoning. Preliminary 

measurements of radiated noise from the oylinder with the same roughness 

showing a value of radiated noise intensity of nearly the same level as the 
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surface pressure fluctuations at a frequency of 3 Kilo-Hertz which corre­

sponds roughly to logwR/V ~ 2.,. This radiated noise is much reduced by 

the addition of polymer. Examination of surface pressure fluctuation in­

tensities with polymer added to the fluid shows less of this ch~ge in 

slope at high frequencies. 

No correction has been made for hydrophone size. Corcos [8J has 

given such a correction. However, its strict application would require 

information on the spatial correlation functions appropriate to the addi­

tion of roughness or polymer. Alternatively a calibration correction 

could be obtained using a number of sizes of hydrophones [19J. 

Fig. 16 presents a comparison of the pressure fluctuation intensity 

as the surface friction is increased from that of a smooth surface by 

roughness or reduced by the addition of a polymer to the fluid. 

The effect of various concentrations of polymer additive on pressure 

fluctuations on rough surfaces is shown in Fig. 17. A reduction OI 

approximately 10 db is evident in the low-frequency range for polymer 

concentrations of ,0 ppmw and greater. Little reduction in pressure 

fluctuations is evident in the mid-frequency range. It has alreaQy been 

argued that the observable reduction at high frequenciea is in the radiated 

component of flow noise. 

The presence of roughness on the surface raises the question of the 

influence of the location of roughness elements with respect to the 

hydrophone base on the level of measured intensity. It is conceivable 

that roughness elements on the hydrophone surface could induce a moment 

due ·bo shear which would appear as a pressure signature. Data were taken 

on the rough surface, with roughness on the hydrophone, with roughness 

off the hydrophone surface only, and with smooth areas of 3/8 and 3/4 
in. diameter around the hydrgphone. These results, shown in Fig. 18, in­

dicate little difference except for that due to scatter. A tentative 

conclusion is that any smooth area around the hydrophone less than one dis­

placement thickness ill radius gives substantially the same result. The 

clear area at its maximum in this case was 0.37 in. in radius and 8* was 

approximately 0.8 inches. Since results did not seem sensitive to clear 

areas around the hydrophone, further data were taken with only the hydrophone 

surface free of roughness. 



Figure 19 shows .a further check on the influence of roughness loca­

tion with respect to the hydrophone face when influenced"by the presence 

of polymer. Three conditions are shown: a 3/4-in.-diameier smooth area 

around the hydrophone, a 3/S-in.-diameter smooth area around the hydro­

phone, and roughness" off the face of the hydrophone orily. A Polyo:x: con­

centration of 100 ppm.w was used. The result for roughness element off the 

hydrophone surface only lies between the result for. "bhe ,/S .... in. -diameter 

smooth area around the hydrophone and that for the ,/4-in.-diameter smooth 

area around the hydrophone. The most reasonable interpretation is that 

this is a random effect rather than a systematic effect which is dependent 

on the diameter of the smooth area. As was previously observed in water 

only, the smooth area around the hydrophone has little effect in the pres­

ence of polymer additive. No doubt a smooth area diameter e:x:ists for which 

the surface fluctuations observed would become comparable to those of a 

smooth surface. However, experimental conditions were too restricted to 

show this limit. 
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Some of the data of Figs. 11 through 17 are replotted in Figs. 20 

through 22 introducing Cd as defined in Fig. 7 to the ordinate scale. This 

form of plotting is intended to show the influence of fluid friction on the 

various pressure fluctuation spectra. The solid lines in each graph are 

least square fits from the coordinates of each data point. 

Figure 20, for runs with water only on a smooth surface, is typical 

of the scatter of the data as compared to the fitted line. It can be 

compared with the same data plotted in Fig. 11. In addition, a few repre­

sentative points from data of Schloemer [20J are shown for comparison. These 

points have been superimposed by replacing Schloemer's boundary layer thick­

ness with the radius of the cylinder used in this experimental work. Either 

the match of the data for a zero pressure gradient must be regarded as co­

incidental or it must be assumed that a common turbulence length parameter 

is present in both experimental conditions. 

Schloemer also presented data obtained on a smooth bounda.ry with a 

variable pressure gradient. The favorable pressure gradient produoed 

a thinner displacement thickness and an inoreased drag ooeffioient, while 

the adverse pressure gradient inoreased the displacement thickness and 
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reduoed the drag ooefficient as oompared to the zero pressure gradient 

case. This is in general in contrast with the effects of polymer additive, 

which give a thinner displacement thickness and lower surfaoe friction, or of 

roughness, which give a large displacement thickness and greater surface 

friction. This is reflected also by the failure of the drag coefficient to 

correlate with the pressure fluctuation at low frequencies, pa:r.·tioularly for 

the favorable pressure gradient. If Schloemer's adverse pressure gTadient 

data points in Fig. 20 are compared with the fitted curve for a smooth 

surface with Polyox shown on Fig. 22, considerable agreement is apparent. 

It was mentioned earlier that both adverse pressure gradient and polymer 

produced a similar reduction in drag coefficient. 

In Fig. 21 data for rough surfaces, rough surfaces with polymer 

additive, and smooth surfaces with polymer adc1itive are plotted on the 

same coordinates as were used in Fig. 20. Representative points from 

rough surface boundary layers as measured, by Blake [7] are shown for 

comparison. The points were again fitted as in the previous graph by re­

placing Blake's measured displacement thickness with the cylinder radius. 

B.lake I s experiments were performed in air with greater roughness than that 

used in the work reported here. A sufficiently small SE~sor was used by 

Blake to eliminate the necessity of a size correction. 

Figure 22 shows the fitted lines from the four experimental. conditions, 

smooth and rough surface with and without drag reducing polymer additives, 

to allow comparison of these four different surface friction conditions 

as reflected by the surface friction pressure intensity. Some differences 
wR in detail are evident. At values of , ,-v between 1 and 2 , there appears to 

be a greater reduction in drag coefficient than in pressure fluctuation 

with the addition of polymer and, conversely, a greater increase in sur­

face pressure fluctuation than in drag coefficient with addition of rough­

ness. Reduction in surface pressure fluctuation for values OfJ~W~ between 

2 and 3 appeared to be greater than the reduction in drag coefficient with 

polymer additions on rough surfaces. The fitted curves seem to come 
wR 

together for values of I~T < 1 • The upward bend at the extreme left, 

however, is of no significance, since it is the result of extending the 

curve equation slightly beyond the data. 



It is likely that a correction for bydrophone size will reduce the 

spread of data in "bhe region of I q~~t: < 2 and that a correotion for 

radiated noise from rough surfaces will reduoe the sp~ad of data at high 
wR ' 

fre~uenoies (R > 2). The data appear to oorrelate well below'jvr= 1, 

whioh is the region expeoted to require no correotion for sensor size [8]. 

VII. SUMMARY 
, I 

It appears from the data presented that the intensity of surface pres-

sure fluotuation correlates well on the basis of 40( w} vs .15~ where 
Q2V3R V , 

the oylinder radius R has been substituted for the more traditional dis~ 

plaoement thickness (8*). 

When the turbulent surface friction is altered from a smooth surfaoe 

value by the addition of roughness to the surface or of drag-reduoing poly­

mer to the test liquid, or both, the resulting change appears to be, on the 

average, proportional to the ohange in the square of the average surface 

drag ooeffioient. 
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Experiments with roughness elements plaoed up to 3/8 in. from a liS-in. 

surfaoe pressure sensor oenter (3/4-inoh-diameter swooth oircle) show little 

differenoe from measurements obtained with roughness elements at the edge 

of the sensor. 

It has been suggested by Blaok [6J that thesurfaoe pressure fluctua­

tion intensity might be a means of inferring local shear. The results shown 

in Fig. 22 indicate that shear might be inferred for a wide range of oondi M.ons 

of roughness and of polymer additive concentration if the pressure intensity 

spectrum frequenoy range is suitably chosen. 

~ehe fonowing tentative observation might be made based on the data 

presented here and the limited data t~{en from other experimenters. The 

data have been correlated on a oonstant length parameter basis (R j the 

radius of the oylinder, was used, replacing the more widely used boundary 

layer displaoement thickness 8*). The drag ooeffioient Cd was also in­

cluded in the oorrelation in order to account for ohanges in surfaoe drag 

produoed by ohanges in roughness or the addition of a drag reduoing polymer. 
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These parameters were shown to be ade~uate so long as the displaoeme~t thiok­

ness was directly related to the drag ooeffioient, as in the pase of a flat 

plate with a zero pressure gradient or a pipe. 

If one writes the momentum e~uation for the boundary layer [21], 

it is apparent that the relationship between drag and. displacement thiokness 

(related to e by H) beoomes more involved in the presenoe of a pressure 

gradient. The low·-frequency pressure fluctuations are, nevertheless, closely 

related to the displacement thickness 8* [20]. The high-frequency spectral 

region also appears to be related by the surface friction to a constant length 

parameter, as in the zero-pressure-gradient case. 

The adoption of the cylinder radius R as oonstant length parameter in 

thi,s investigation was rather arbitrary. From observations of shear measure­

ments by hot-film surfaoe probes, evidence is available of a constant wave 

number based on a convection velocity and sublayer pe~iodicity [22J which, j,f 

better understood, would possibly serve as a replacement f0~ R. 

It has-been proposed that the highest frequency part of the data, 

2 ~ < 3, shows the presence of radiated noise. 
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I -
Mean Properties of Flow Boundary La.yeE!i 





TABLE I -- Me.Bn Properties of Flow Boundary Layers 

Par- K Cylinder Momentum. 
Cylinder ticle Equiv- 899, 8*, 9, U* 

Radius Thickness 
Velocity Diam. aJ.ent, 

Cd 
Reynolds Reynolds 

~ V, fps K, in. in. in. in. in. ·R fps Number Number 

Tap water 6 x 104 Smooth surface 25.1 3.4 .24 .232 1.18 .00231 .885 1.19 x 10 4.8 
50 ppmw + water 

Poly ox 301 
1.19 x 106 3.84 x 104 Smooth surface 25.1 3.4 .21 .184 1.13 .00107 .59 

Tap water 6 x 104 Smooth surface 38.0 2.68 .223 .188 1.18 .00236 1.79 x 10 7.1 
Water + 50 ppmw 

~ 

Polyox 301 6 4.42 x 104 Smooth surface 38.0 2.9 .151 .14 1.11 .00228 .835 1.19 x 10 
100 ppm Polyox 301 

5 x 104 Rough surface R70 19·0 .018 0.0034 8.1 ·418 • .384 1.09 .0038 .8.3 8.94 x 10 6.1 
Tap water 

8.94 x 105 1.08 x 105 Rough surface R70 19.0 .018 0.032 9·9 .79 .684 1.16 .0065 . 1.08' 
Tap water 6 1..39 x 105 Rough surface R70 25.0 .018 0.0.32 14.5 .75 .668 1.12 .0074 1.19 x 10. 
100 ppmw Polyox 301 6 9.15 x 104 Rough surface R70 25.0 .018 0.034 11.5 .48 .444 1.09 .0041 1.52 1.19 x 10 

-

Tap water 6 4 Rough surface R70 12.0 .018 0.032. 11.8 .6.3 .568 1.11 .0071 .716 5.96 x 10 5.68 x 10 
100 wppm Polyox 301 6 x 104 Rough surface R70 12.0 .018 . 0.0034 10.0 .545 .48 1.11 .00.38 .524 5.96 x 10 4·8 
Tap water . 6 

1.49 x 104 Rough surface 31.0 .018 0.032 9·13 .666 .58 1.15 .0018 1.9.3 1.49 x 10 
100 ppmw Polyox 301 6 x 104 Rough surface R70 31.0 .018 0.0034 8.2 .423 • .38 1.11 .0052 1.54 1.49 x 10 9.8 
Water only 

8.94 :Ie 105 Rough surface 19.0 .015 0.019 .006 1.07 
25 ppmw Polyox 301 

8.94 x 105 Rough surface 19.0 .015 0.0044 .004 .98 

I-' 
\.D 
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(1 through 22) 
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Fig. 1 - Sketch of Test Tank with Rotating Cyl inder in Place 
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