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.AJ3STRACT 

A sound detector in the surface of a moving body reoeives not only 

sound signals radiated from a distant source but also detects pressure 

fluctuations originating in the turbulent boundary layer of the fluid 

surrounding the body. The purpose of the present work was to assess the 

magnitude of the surface pressure fluctuations on a body moving in water 

and in water with polymer additive under nearly ~ero pressure gradient 

conditions. Measurements were made using a single transducer in the sur

face of an axi-symmetric body. Both smooth and grit-roughened surfaoes were 

used. Mean s~uare pressure fluctuation amplitudes were measured as a 

function of fre~uenoy, non-dimensionalized, plotted, and compared with 

some results obtained by others in both water and air. 

It was ooncluded that the addition of roughness to a smooth surface 

increases the amplitude at the peak of the spectrum and at all lower 

fre~uencies. Polymer additive i~ the water has just the opposite effect 

on a rough-surfaced body, deoreasing the amplitude at the peak and at 

all lower frequencies, the reduotion increasing monotonically with drag 

reduction. There was little or no effect at high frequencies attributable 

to either roughness or polymer additive, but it must be noted that the 

transducer used was too large to obtain a true measure of amplitude at 

the highest fre~uenoies. The peak of the spectrum in water appears to 

have a somewhat higher amplitude than it does in air. 
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AN EXPERIMENTAL INVESTIGATION OF TEE EFFEOT OF DRAG REDUOING 
POLYMER ADDITIVES ON SURFAOE PRESSURE FLUOTUATIONS 

ON EODIES OF REVOLUTION WITH ROUGH SURFAOES 
MOVING TEROUGH WATER 

Introduotion 

• 

The turbulent boundary layer assooiated with the flow of fluid over a 

soli.d surfaoe has a unique dynamio struoture; an interesting aspeot of this 

struoture is the surfaoe pressure fluotuations [1, 2, 3J* whioh aooompany 

the flow. Those fluotuations do not radiate sound so that they oan only be 

sensed with a very small transduoer mounted in the boundary surfaoe. Suoh 

a transduoer, though, cannot distinguish between these surfaoe pressure fluo

tuations and sound pressure radiated from outside the boundary layer. Rough

ness on a flow surfaoe intensifies the pressure fluctuations [3, 4, 5J. 

It is well known that polymer additives in water tend to reduoe surfaoe 

pressure fluotuations from turbulent boundary layers [5, 6, 7, 8, 9J as well 

as to reduoe drag. However, all of the previous measurements to examine 

noise reduction have been made on what mig~t be oalled "fully developed" 

boundary layers, mostly thiok layers. This report desoribes reoent measure-
, 

ments made in a thin, developil~ boundary layer on a rough surfaoe moving 

through tap wa~er and tap water with polymer additive. The work was supported 

from May 1, 1977 to April 30,1978 under oontraot N00014-77-0-0356 with the 

U.S. Naval Ship Researoh and Development Center. 

* Referenoes on page 16. 
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Some Previous Experimental Work 

Blake [3] sUlll1118J:'ized his own and some other measu:t'ements of pressu:t'e 

fluctuation spectra on smooth and rough su:t'faces moving through air at zero 

pressu:t'e gr~ient. Figures 1 to 4 are reproduced from his paper and show 

several forms of dimensio~less plotting of data. In particular, there are 

two different sets of reference quantities--an outer set USing Uoo and 0* 

and an inner set usiTIS' UT and UT/1I or k as velocity and length para

meters , respectively. Here Uco is the free g stream velocity, Ur = (;j P )1/2 

is the shear velocity where T is wall shear stress, 0 * is the boundary w 
layer displacement thickness, jI is the kinematic visoosi ty and P the 

denSity of the fluid, and k ,is an equivalent roughness height. Also w 

is radian frequency, q = l/~ purl- is the dynamic head of the free stream, 

and <P (w) is the mean square presSu:t'e per radian. It may be noted ,that 

measu:t'ements from two flow situations will plot differently relative to each 

other when plotted on inner coordinates than when plotted on outer coordinates 

if the Reynolds numbers and/or roughness are differen~in the two oases. 

However, for completely rough su:t'faces, data curves should be transformed 

nearly Similarly between the two forms of plotting. 

Blake argues that the outer set of coordinates is appropriate to the 

lower frequency (presumably larger) eddy or Wave structu:t'e which moves alOTIS' 

at nearly free-stream spe9d; the inner set applies to the high frequency 

part of the spectrum wherein eddies or waves move at the lower speeds charac

teristic of the region where wall tu:t'bulence is produced. The larger eddies 

or waves may be associated with the normal growth of the boundary layer or 

may be convected or radiated from other souroes. (It may be noted i~ passiTIS' 

that low frequency pressure fluctuations originate not only from the large

eddy structu:t'ebut also from small eddies generated infrequently [2 J. However, 

it would be expected that the latter sou:t'ce would oontribute conSiderably 

less to the mean square pressu:t'e than the former.) 

There are problems in making low frequency measurements because of the 

various extraneous sou:t'ces that may generat,e large eddies. In wind tunnels, 

acoustic fluctuations have caused trouble and need to be filtered out [1., 10, 

11J. To illustrate the problem, some data taken by Hodgson on the wing of 

a full-scale glider, presumably without low-frequency filtering, and plotted 
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by Willmarth [1J has been reproduced on Fig. 2 for comparison with Blake's 

wind tunnel data. The difference seen in Fig. 1 between Blake's and 

Schloemer's data at low frequency may possibly also be attributed to 

differences in filtering. At high frequencies, Blake I s data in Fig. 1 

show clearly the importance of using small transducer surfaces to avoid 

averaging out the s.hort-durati,on, l.arg-e-ampl.i tU~~_l'.ress~e fluctuations [ 1 J. 

In water, the data trends from two previous sets of measurements on 

smooth surfaces are reproduced as spectra in Fig. 5. The same outer co

ordinate scales have been used as were used in Fig. 1. The data by 

Nisewanger an,d Sperling [2J were obtained using a torpedo-shaped body with 

tailfins, rising by buoyancy in a fresh water lake. The data are for a 

station far enough back from the nose that the pressure gradient is approxi

mately zero. It was determined in the experiments that the transducer was 
, 

not sensitive to accelerative forces. There was no separate filtering of 

the low frequency signals in these measurements. It is possible for surface 

waves to produce pressure fluctuations at very low frequencies (2 Hz corres

ponds to a 1.28 ft wave length), but these will likely be below transducer 

and amplifier cutoffs. The mean square pressure level for these data at low . 
frequencies is clearly several decibels larger than are the data for air 

shown in Fig. 1 while, on ~he other hand, the mean square pressure level at 

high frequencies is even more clearly very small compared to the air data 

shown in Fig. 1. It is believed that the latter difference may be explained 

by the relatively large si~e of the transducer used to obtain the water data 

, but the difference at low frequencies is not so readily explained. 

The water data reported by Greshilov, et al. [5J are summarized by a broken 

line in Fig. 5. These data were obtained on one wall of a 2 em high closed 

ohannel of aspect ratio 3.5; there was fully developed flow in the channel. 

It is not known whether any filtering was done in taking the data. The 

authors non-dimensionalized their data using the mean velooi ty in the channel 

for reference velooity and the mean ohannel height for referenoe length. In 

order to plot the data on Fig. 5, 0* and oenterline velocity (assumed to 

be Uoo) were obtained from the given data using power laws for the velooity 

profiles for fully-developed channel flow. Several power laws--1/7, 1/8, 

1/9--were tried but they produoe data trends so olose to each other that 

only the results using the 1/8 power are plotted. The differenoes between 

these two sets of water data oan probably be attributed to the different 
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boundary oonditions and to uncertainties in reducing the Greshilov, ·et al 

data from plotted points. However, the latter data do seem to support the 

disagreement at low frequenoies between the Nisewanger and Sperling water 

data and Blake's air data. 

Greshilov, et al [5J also obtained data with rough surfaoes in their 

ohannel both without and with polymer additives in the water. One of their 

figures is reproduoed in Fig. 6 in dimensional for.m (amplitude is averaged 

over 1/3 ootave bands); the roughness used for this oase is grit roughness 

of about 0.4 rom height. There is not enough information in the paper to 

make Fig. 6 dimensionless in such a way as to oompare with Figs. 1 to 4. 

Experimental Program 

The ourrent research program is being oonduoted with a buoyanoy propelled, 

axi-symmetrio body, riSing along a guide cable in a vertioal standpipe [12J 

as sketched in Fig. 7. The body is somewhat like the Nisewanger and Sperling 

test body [2J except that no tail fins are required. It is formed from a 

theoretioal half-body nose faired into a cylindrical oenter portion with a 

oonical tail and is sketohed in Fig. 8. The standpipe has aninside diameter 

of 1.06 m and a working depth of about 24 m. The maximum buoyant foroe on 

the body is 342.9N. Lead weights placed within the body are used to reduce 

the buoyant force. For the present work, two different buoyant forces were 

used, 342.9N and 222.8N. (Although the interior of the body remains dry most 

of the time, water leakage' has been found on o.ccasion. The force has been 

reduced thereby as much as 5N, but lacking a measurement of leakage at the 

time of each experiment, the nominal foroes have been used in computations.) 

At terminal velocity these buoyant forces are equal to body drag. 

At a location 57 em back of the nOSe as shown in Fig. 8, a hole of about 

12 rom diameter has been provided in the body for mounting hydrophones or 

other transducers. The hole is in a zone of nearly zero pressure gradient. 

For the current work, a Single pressure sensitive transducer has been in

stalled at this place to measure surfaoe pressure fluctuations. The trans

ducer was built at the U.S. Navy David Taylor Ship Research and Development 

Center a number of years ago and was described by Franz [13J. It is a crystal 

type with a 3.1 rom diameter senSing area. In experiments conducted several 

years ago it was determined that when this transducer is mounted in the test 
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body, the noise level attributable to acceleration or other exter.nal 

sources is many dB below the signal to be measured [12, Fig. 10J. The 

transducer was calibrated against a USRD type H23 crystal hydrophone ob

tained on loan from the Underwater Sound Reference Division, U.S. Naval 

Research Laboratory, Orlando. After preamplifioation, the signal from the 

transducer is fed to the surfaoe via a trailing cable where it is further 

amplified or attenuated, as necessary, and reoorded on an instrumentation 

magnetic tape recorder. The signal is split into high and low frequency 

components, which are recorded on separate ohannels of the recorder in 

order to increase the effective dynamic range of the recorder • 

.As seen in Fig. 7, a taut guide cable runs up the center of the 

standpipe. The cable is steel. Insulated wire coils have been mounted on 

the cable at 20 cm intervals. The entire assembly is covered by a plastic 

sheath to protect the coils and to provide a smooth exterior surface to 

guide the body. A magnet in the nose of the body produces a small electri

cal signal as it passes over the coils; this is used to measure the speed 

and position of the body. The v~locity signal is recorded simultaneously 

with the pressure data signal. A typical record from the tape recorder has 

been reproduced on a strip chart recorder and is shown in Fig. 9. 

In addition to the body transducer, the USRD type H23 hydrophone has 

been mounted in the standpipe, attached to the pipe wall, to attempt to 

measure radiated sound. It is located 40 cm from the central steel cable 

(13 cm from the wall) and about 5.5 to 6 m below the water surface. The 

signal from this hydrophone is recorded in the same manner as that from 

the surface pressure transducer. A typical record is shown in Fig. 10. 

(In connection with Fig. 10, the potential flow pressure field for a half 

body in infinite fluid has been used to caloulate the position of the nose 

of the body when the pressure maximum occurs at 40 cm from its axis. This 

distance is 23.4 cm along the axis as indicated on Fig. 10. Likewise, the 

position of minimum pressure has been calculated and lies 34.2 cm behind 

the nose making the total distance between maximum and minimum 57.6 cm; 

this seems to agree exactly with the maximum and minimum pressures marked 

at A and :8, respectively on Fig. 10. The calculated maximum and minimum 

p~ P~.. pressures are 0.0139 ~ at A and -0.0142 ~ at E. The ampl~tude 

scale in Fig. 10 was not calibrated but the minimum pressure does not appear 
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to be sufficiently negative when compared with the recorded maximum 'and 

minimum pressures; this may be due to the failure to correct for the 

presence of the wall or to the bleeding of the pressure from the cxystal 

transduoer. ) 

The tape recorded pressure data are prooessed with an analog, constant 

bandwidth, spectrum analyzer. Central frequencies for analysis are 20, 30, 

40, $0, 60, 80, 100, 1$0 (sometimes), 200, 300, 400, $00, 600, and 800 Hz 

and 1, 1.$,2,3,4, $, 6, 8, 10, 12, 1$, and 20 kHz. The bandwidth is 

always less than 10 peroent of the oentral frequenoy exoept that the minimum 

width is 10 cyoles. The data produced by the analyzer are then normalized 

to a pressure squared per radian bandwidth format. These data may be plotted 

versus frequenoy to obtain a spectrum and this may be non-dimensionalized in 

several ways as discussed previously. 

Table 1 shows the conditions under which experimental measurements were 

obtained. Each experiment at given conditions consisted of 3 or more runs. 

The velocities shown in Table 1 have been corrected fcr blookage; oorrection 

requires multiplying the measured velooity by 1.06 [14J. Velocity was 

measured over the last 0.$ sec or less of motion before the body hit the 

arresting year, shorter times being used when terminal velocity was not 

reached during the last half second. This was, the case at velocities over 

11 mps, but the tabulated values are still within a few percent of the correct 

terminal velocity. 

,Roughness, when used, was the same in evexy oase. Glass beads, 0.46 rom 

diameter, were fastened to the body surface using a laquer ooating. A 

surplus of beads was applied to the surfaoe and the excess beads were then 

brushed off. A olosely-spaced grit roughness was obtained in this way. 

Figure 11 shows a detail of the appearanoe of the rough surfaoe. Roughness 

covered the body from about $ cm back of the nose to about 10 cm beyond the 

transduoer location; the remainder of the body was in its original smooth 

condition. A clear space of about 12 rom diameter was maintained around the 

transducer. Earlier work [6, Fig. 19J indicated that this would not signi

ficantly influence the transducer response. 
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Table 1 - Experimental Runs 

Total 
Drag Coeffioient 

S'll.!.'faoe Reduotion Due Terminal 
S@ries ~ hpt Condition to PolloX Addition Velooitl 

N % Uoo,m/s 

1A Smooth 0 10.8 

1B Rough 0 8.$ 
1 342.9 1C Rough 40 11.0 

1D Rough 55 12.7 
2A Smooth 0 8.06 

2B Rough 0 6.$7 
2 222.8 2C Rough 34 8.06 

2D Rough 40 8.$ 

Experimental Results 

Figure 12 is a dimensionless plot of the mean square s'll.!.'faoe preSS'll.!.'e 
fluotuation data obtained on the smooth body at two different Reynolds 

numbers. Outer l~er parameters have been used for determining ooordinates. 

The two sets of data agree with eaoh other fairly well exoept at low fre

quenoies. The Nisewanger and Sperling [2J and Gershilov, et al [$J data 
trends are also reproduoed in this figure and the oomparison with the 

present data is seen to be reasonably good exoept for the low frequenoy 
data at the lower velooity. 

The same data used. in Fig. 12 have been replotted in Fig. 13 using 

inner layer parameters. The trend of Blake's [3 J data taken in air is 

represented by a solid line in this figure. Disorepancies between the 
present data and :Blake's in the high frequenoy r~ are probably due to 

transd~er size as was demonstrated by Blake for air. The disagreemen~ 

in the low frequenoy range near the peak of the speotrum seems to be of 

the same order as OOO'll.!.'S using QuteI.' variables as was seen in Fig. $. 

In order to non-dimensionalize the data for use in Figs. 12 and 13, 

it was neoessary to· estimate the boundary layer pal.'ameters. Caloulations 
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~* . 
hav~ been made for u and Ur at the transduoer looat~on for the ~mootb 
body following G:t'anville [1,5]. In the bounda:r;o;r layer oaloulations, surfaoe 

pressure distributions were obtained from potential flow oaloulations made 
for an identioal body (exoept for a slightly different tail angle) in in

finite fluid [16] using the Uoo values oited in Table 1. The intel.'esting 
boundary layer parameters are given in Table 2. 

Table 2 - Boundary Layer Parameters 

Rex x~06 
OF °D 

6 8* 
Of (est) (meas) 

Expt Uoo ReLx10 8 Ur x10.3 x10.3 x10.3 trans -mls mm rom mls 

1A 1.0.8 1.4.8 1..84 1.01* , .4# 0.4:1* 2.79* 2.4.3 4 .. 74 
1.:13 8.,5 11.7 0.,50# 6.81# ,5 • .34 7.6,5 

10 11.0 1,5.1 0·42# 2.87# 2.26 4.,57 

1D 12.7 17.4 0 • .36# 1.,58# 1.12 .3.4.3 
2A 8.06 12.8 1.62 1.02* 1.4# 0 • .31* 2.87* .3.22 ,5.$.3 
2B 6.$7 10.9 0 • .36# $·91# 6.02 ,8 • .3.3 
20 8.06 1.3.9,5 0 • .3.3# .3 • .30# .3.22 $.$.3 
2D 8.$ 1.3.7$ 0 • .31# 2.62# 2.66 4·97 

*Caloulated 

#Rough estimate 

The points plotted in Figs 12 and 1.3 were obtained using saturated tap 
water in the tests. It was thought at one time that the anamolous rise in 
the speotrum for the highest .3 frequenoies (12, 1$, and 20 kHz) might be 
attributable to oavi tation in the boundary layer or to small entrained 
bubbles in the water. Hence, tests were also conducted with partially 
deaerated tap water to test this hypothesis. The data points were almost 

identioal with those shown in Figs 12 and 1.3; it is assumed, therefore, that 
the postulated effeots do not exist. It was disoovered subsequently that 
the anamolous rise at high frequenoies might probably be due to the limited 
dynamio range of the tape recorder oausing har.monics of lower frequenoy 
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signals to be ~eoo~ded as part of the high frequenoy signals. It was 
thought that this problem had been oorreoted by splitting the signal into 

high and low frequenoy oomponents whioh are reoorded separately as pre

viously explained, but subsequent measurements tend to show the same 

anamoly. Consequently data points obtained at 15 and 20kHz are not plotted 
on subsequent figuxes. 

Non-dimensionali~ed data for the rough surfaoe in tap water are shown 

for the two velooities in Fig. 14 USing inner variables. Although the two 

sets of data agree quite well in general, there does seem to be a small system
atio differenoe at dimensionless f~equenoies below 0.005. Trend lines fo~ 

the smooth surfaoe data from Fig. 13 are also shown in the figuxe. It 

appears that ~ough surfaoes behave somewhat like smooth surfaoes when data 

are non-dimensionali~ed in this manner, but theJ:'e is a large increa.se in 

amplitude at low f~equenoies and some deorease at high fJ:'equencies. 

The U T values used for non-dim.ensionali~ing the rough body data in 

Fig. 14, as 'well as in the subsequent figuxes, were not calculated diJ:'ectly 

but were estimated from the smooth body oaloulations knowing the total drag 
, , 

coefficient fo~ each experiment. The estimate was made by subt~aoting the 

smooth body estima.ted friction drag from,total drag to obtain a pressure 

drag and pressure drag ooefficient. The pressure drag ooeffioient was then 

assumed to be oonstant for all other experiments witb the same buoyant 

foroe. Thus, the skin friotion drag for each test oould be estimated; its 

distribution on the body was further estimated to obtain Ur at the trans~ 
duoer location. The estimate of U r may easily be in error by 10 per cent 

or more beoause of this prooess. On Fig. 14, the shift in soale oaused by 

a 10 per oent error in Uris shown on both ooordinates and similar infor

mation is given in Figs. 12, 13, and 16. 

The rough surfaoe data are replotted on inner ooordinates using rough
ness height as a length parameter in Fig. 15. This figure is oomparable to 

one of Blakes figures [3J reproduced as Fig. 4 herein; the data trend from 
Fig. 4 is reproduced in Fig. 15. Of oourse, the equivalent roughness height 

is not known for the present work and the glass bead diameter is used instead. 

It is believed that the present roughness is oomparable to Blake's rough

ness that produoed the lower branch of the ourve in Figs. 4 and 15. 
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Figure 16 shows surface pressure fluctuation data obtained for the 

rough body with two different oonoentrations of Polyox added to the tap water 

in the standpipe. Sinoe the measurement of Polyox oonoentration in the stand

pipe could not be obtained very aoourately (it is not even oertain that the 

mixture was entirely homogeneous), the effect of additive is expressed as a 

peroentage of total drag ooeffioient reduotion. The 3 or more oonseoutive 

runs for eaoh,experiment were made at intervals of about 1/2 hour; no evidenoe 

of polymer degredation (as would have been indicated by ohanges in terminal 

speed) was found during any of the experiments. The trend line for the rough 

surface data without additive in the water has been transoribed from Fig. 14 
for comparison. High frequenoy speotra do not appear to be influenoed but 

there is a progressive decrease in amplitude with inoreased drag reduotions 

at low frequenoies. 

As previously noted, a fixed external transduoer had been provided to 

measure radiated sound from the body. It was believed that a.reverbant field 

might be established in the tank and that this oould be dected by the non

directional hydrophone provided. However, analyses of the reoords obtained, 

such as in Fig. 10, do not show an effect that can be attributed to radiated 

sound and more work is needed before a useful record can be made. At 300 to 

500 Hz and again at 10 to 20 kHz, there are some interesting pressure fluctua

tions on the transduoer that appear to oover just the time span when the body 

boundary layer is turbulent. At all other frequencies, however, the fluctua

tions appear to exist in the water even when the body is not moving and do not 

appear to change their amplitudes when the body is moving. 

Some Comments on the Experimental Results 

There are several results that require oomment. First, the general 

shapes of all the spectral curves (smooth and rough surfaces inwater~d 

rough surface in water with Polyox) appear to be similar to those obtained 

by others. Mean square pressure amplitude increases gradually with frequency 

* at low frequencies reaching a peak at a dimensionless frequency ruo /Uoo ::: 0.4 
or wv/ur2 ::: 0.02 (possibly less on rough surfaces) and then decreases at an 

increasing rate until at high frequencies the decrease is about 72a.:B per decade 

of frequency as indioateQ on Figs. 12 to 16. 

Consider the high frequency part of the spectrum first. Comparing Fig. 12 

with Fig. 1, Fig. 13 with Fig. 3, and Fig. 15 with Fig. 4, it appears that the 
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data obtained in water all have lower amplitudes than data obtained, in air 

in this frequency range. As has already been pointed out, this is probably 

attributable to the large diameters of the transducers compared to boundary 

layer thicknesses as used in water. Blake [3J had already shown for air that 

larger relative transducer sizes caused a decrease in meas~ed amplitude; 

Nisewanger and Sperling [2, Fig. 4J confirmed this for even larger transducers 

in water. There is no reason to doubt that the same explanation can be ex

tended to the comparison between the present water data and air data. However, 

there is a need to make a further check of this effect with smaller trans

ducers, especially on rough surfaces. Such a check is required not only to 

determine whether the explanation is correct but also to know whether inter

pretations regarding trends of data in the high frequency part of the spectrum 

can be based on data obtained with large transducers. 

In spite of the question just raised about data interpretation, some 

comments will be made about the data in the high frequency part of the spectrum. 

The only justification for doing this is that the same transducer and electronic 

circuitry have been used for all experiments and there is a uniform decrease 

of about a 72dJ3 per decade of frequenoy at the highest frequencies for all 

the data (which is also true for Blake's data in air as seen in Figs. 1 to 4). 
Comparing rough surfaoes with smooth ones, then, Fig. 14 versus Fig. 13, it 

appears that the rough surfaoe produoes somewhat lower mean square pressure 

amplitude than the smooth surfaoe at high frequencies. When Polyox is added 

to the water with a rough-:surfaced body, Fig. 16 versus Fig. 14, the amplitude 

does not appear to change. In other words, even though the additive increases 

the velocity toward that of the smooth-surfaoed body, it 'does not increase 

the pressure amplitude toward the smooth surface amplitude. It is unfortunate 

that the data of Gershilov, et al [5J displayed in Fig. 6 cannot be non

dimensionalized for comparison with the present data. The data with additive 

do show a decrease of about 72dJ3 per decade of frequency just as the present 

data do at the highest frequencies but this is not true for the data in plain 

water. 

All of the figures, 12 to 16, show an anamolous region just as the slope 

of the data trend becomes 72dJ3 per decade. This looks suspiciously like a 

resonance phenomenon. The apparently high data points in each case are at 3, 
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4, or 5 kHz. On the other hand, there is a very defi~te reverse curve in 

the data trend at this place (which can also be seen to a small extent in the 

Nisewanger and Sperling data [2J) that does not appear in any air data. This 

region needs further study. The Laboratory has acquired new transducers of 

a different manufaoture than those ourrently in use and the earliest work to 

be undertaken if this researoh is resumed will be oonoerned with better de

fining this region. 

Looking now at the low frequency regions of the several spectra, there is some 

question as to how well the amplitudes are being measured at the lowest fre

quencies. The problem is that each run has very short duration at terminal 

velocity (one-half second or less). It would be especially useful to have 

correlation measurements between two adjacent transducers at the lowest 

frequencies to verify whether the higher or lower data trends appearing in 

Figs. 12 and 13 are correct. The air data seem to indicate that the higher 

plotted points are more to be expected, but the air data are contaminated 

by filtering. 

Oonsidering the region around the peaks of the spectrum there should be 

li ttle question about the abi~i ty of the apparatus to obt.ain reasonable 

measurements. Comparing Fig. 12 with Fig. 1, Fig. 13 with Fig. 3 or even 

Fig. 15 with Fig. 4 (where the present roughness probably corresponds best 

to the D-L roughness of Fig. 4) it appears that the water data are consis

tently a few dB higher in amplitude than the air data. This is true not 

only for the present data but also for that of Nisewanger and Sperling [2J 

and of Gershilov, et al [5J. It is believed that the difference is real. 

The following explanation is offered: 

Let it be hypothesised that the pressure fluctuations measured 

by a transducer in a wall are largely due to passage of pressure 

waves generated by upstream bursting events in the boundary layer. 

These cover many decades of frequency. In the n9n-dimensional form 

used in plotting mean square pressure amplitude there can be no 

difference between water and air because the burst mechanism must 

be similar in the two fluids. Let it be further hypothesised that 

a small percentage of the bursts occur immediately over the trans

ducer and that the pressure produced by these is pcv'. Here p is 

. the fluid density, c is its sound speed, and v' is the turbulent 
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fluctuating velooity normal to the wall assooiated with the burst. 

The large one-sided amplitude fluctuations in Fig. 9 may possibly 

be the results of bursts over the transduoer. When this pressure 

is squared and averaged so that it can be plotted on the dimension

less ordinate scale of one of the speotral ourves, it is obvious 

that the denominator will include the square of a Mach number; 

everything else will be similar in water and in air but at the 

usual test oonditions the Mach number in water is considerably 

smaller than that in air. Hence, the mean square pressure amplitude 

would be expected to be somewhat larger in water than in air even 

if only a small percentage of the bursts occur directly over the 

transdUcer. Since bursting over the transducer occurs only in

frequently, it must be most important in the low frequency region. 
U 

Taking a characteristic burst frequency as 36 0: [17, Fig. 42J, 

the corresponding abcissa scale on Figs. 1, 5, and 12 is 

* llJO /Uoo ::: 0.005. This is far smaller than any recorded data 

but it would indicate that the hypothesized increase in pressure 

should be at least as pronounced at frequencies less than that at 

which the peak occurs as at the peak. The present data do not 

clearly substantiate this, but it must be remembered that low 

frequency data are hard to obtain. The Gershilov, et al data 

shown in Fig. 5 do seem to substantiate the expected effect. 

The influence of roughness on pressure amplitude was shown in Fig. 14. 
There is a very clear increase in amplitude over the smooth surfaoe case 

at low frequencies as well as a possible decrease in the dimensionless 

frequency of the peak. With Polyox added to the water, Fig. 16, the body 

with rough surface shows a decrease in pressure amplitude varying monotoni

cally with drag reduction at low frequencies •. It may be hypothesized that 

roughness produces additional pressure waves in the low frequency part of 

the spectrum, while polymer additive damps those waves. Whether the waves 

are produced by changes in the bursting rate or by direct production of tur

bulent eddies by the roughness particles, cannot be ascertained from these 

data. 
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Conolusions 

Experimental measurements have been made of mean square pressure 

fluotuation amplitudes as a function of frequenoy in the boundary layer of 
an axi-symrnetrio bOdy moving through water. Measurements were made in the 

zero pressure gradient portion of the body surface. Both. smooth and grit

roughened surfaoes were used and the body with rough surfaoe moved through 

water containing polymer additive as w~ll as through water without additive. 

Amplitudes and frequenoies have been reduced to dimensionless form to permit 

oomparison of one experiment with another as well as to faoilitate oomparison 

with work of others. 

The following oonolusions may be drawn: 

1. The addition of roughness to a smooth surfaoe inoreases the 

amplitude at the peak of the spectrum and at all lower frequencies for a 

body moving in water. It deoreases the amplitude for higher frequenoies 

beginning about a,half deoade above the peak. 

2. Polymer additive in water oauses the amplitude for the rough body 

to be reduoed at the peak of the spectrum and at all lower frequenoies. The 

reduotion inoreases monotonioally with drag reduotion. There is no additional 

effeot at high frequenoies. 

3. At high frequenoies the speotra under all oonditions--smooth and 

rough in water and rough in water with additive--fall at about 72dB/deoade. 

4. The peak of the spectrum in water is several deoibels higher than 

the peak in air. This was attributed to the effeot of turbulence bursts 

ooourring directly over a transduoer. Otherwise, the behavior is probably 

the same in water as in air. 

The measurements were limited in many ways by the equipment that was 

available and the techniques that were used. It is believed that the above 

conolusions would be substantiated by any improvements in equipment or technique. 

However, better data are needed to confirm those conclusions and to extend them 

to answer other questions. Some specific needs are: 

1 • The conclusions regarding high frequency behavior are based on data 

taken with transducers whose face areas are too large compared to the boundary 

layer thickness. Smaller transducers should be deSigned and used. Also, the 
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transducer or electronic equi~ment used in data taking may have a high 

frequency resonance or cut-off point. Some of the data should be retaken 

with a transducer of a different make to check whether resonance has in
fluenoed any of the data points. 

2. The measurements should be extended to other types of roughness 

and to a broader range of polymer concentrations or drag reduction. 

3. Measurements at the lowest frequencies are uncertain because the 

test body has a short running time at terminal speed. These measurements 

can be improved by obtaining co-spectra from two closely spaced transduoers; 

such measurements should be made. Analysis could also be improved by taking 

the ensemble average of many runs at terminal speed and analyzing the data 

with a sophisticated oomputer system. Equipment is just becoming available 

at this Laboratory to facilitate this kind of analysis. 

4. Equipment needs to be developed to permit measuring and analyzing 

radiated noise from the boundary layer. 

,5. More detailed investigation should be undertaken of the. basic 

boundary layer mechanism leading to pressure fluctuation and how this is 

influenced by roughness and polymer additive. The present work has been 

largely heuristic. Measurement of co-spectra, as already suggested, will 

contr~bute considerably to better understanding. Additional measurements 

correlating fluctuating pressures with fluctuating shears at the boundary 

and with fluctuating velocities will also be useful for this ~urpose. 
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Drag - 342.9 N. 

10. Typical pressure data at fixed position in standpipe. Body with rough 
surface in water. Drag - 222.8 N. 

a) Small pressure amplification 
b) Larger pressure amplifioation 

11. Photograph of Roughness (scale in mm). 

12. Wall pressure spectrum in water, smooth wall. Outer variable scaling. 

13· Wall pressure spect:t'UIll in water, smooth wall. Inner variable scaling. 

14. Wall pressure spectrum in water, rough wall. Inner variable scaling. 
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scaling. 
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Fig. 7 - Sketch of standpipe installed in laboratory building 
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Typical pressure data at fixed position in standpipe. 
Body with rough surface. Drag = 228.8 N. 
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