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ABSTRACT 

tion z’vrr1 rdy of “rtí««r i-p. 
surfaces roughened with two-dimensional t i urb'¡llent; boundary layers adjacent to 
itiated due to the aoua^nt Wk ^ k , 8rOOVe8> *ro**ct wae in- 
distributed roughness on câvititÏon iScenïiÎn lnformati°n 011 the *"*<** of 
irregularities. The lnceptlon aa «PPosed to the effects of isolate« 

profiles, turbulence intensity aL^heTteminati^ m8a^rement of mean v«locity 
index for turbulent flow ad Won* ^ k termination of the cavitation Inception 

cases the test liquid „^^teTat i Ï boundariea‘ ^ ill 
patterns were tested consiitiL of r? htemperatur«- Four triangular roughness 
and 0.0125", respectively Thi ™8 T9« 8 °f °*050"' 0*025". 
16 to 51 feet per sec^d F^r rlT VãTUd between the 
by high speed motion pictures n ,.931116 Con itlona» cavitating flow was observed 
and growth rate were SbtÎïneS*froí dlatrlbuti-. stability, 
theory. obtained from the photographs and correlated with existir* 

inception index ma^be^irectly1^!^^^1?^1^0311^C0^ClU8Í°n that th® cavltation 
and rough boundaries. It was also detemine/t-h coefficient for smooth 
surfaces having a distributed ronohn* n, e * the inceptfcm index is less for 
vient belebt.® lí." Zl’Tu °< 
inception occurred awav from the wen a c*1®8» cavitation 
layer. At the same tíL, ^eÜL^’ í“ thC °enter of tha b°-dary 
observed to be close to the wall Bubble Hi °f non*sxplindln8 bubbles was 
correlated with existing turbot H^bble dÍ8tkrlbutiona «e™ found that could be 

bubble growth data both indicated incLtíí0n y' 8tability data ®nd 
of not more than 1 psÎ ÏÏÎe íctuaí ínceítínPre8aUre8 flch correap°nd io tensions 
in static pressure fluctuations which corresL^0^*8 18 8.tarted by negative peaks 
expected values of the root mean sauare wellP 0 ° appr°ximately 5 to 7 times the 
the region of cavitation incenrin ^ f Pressure. Turbulence intensity in 
value of the waíí síear «r^P i f0Und t0 be prlmarfly dependent on the 
others in air was quite satisfact^?*“6^ ^ h0t WÍre inve8tl8ationa made by 

Values for skin friction could be correlated win, * D u 
by the displacement thickness and modified for ïh. number defined 
gradient. Data obtained near bofh ! effeCtS °f rou8hness pressure 
universal Uw. Len icen, ^ f"Uow- lb. .« 

vlously reported data for equilibrio» boundarrÚyere a8reem'I,t v-lth Pr*- 



» 

««l+1IHt*||HlttWIMit:IHH® 1HH-1 # 

a - .63 0-.15 

Example of Cavitation on a Disk 
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I. IHTKQl 4.CTI ON 

1* 1 General lUckgrouna 

Af ter more then h*lf a century of intenaive research » cavi tation In liquids 

still remains aa a basic problem area in many branches of engineering. In fact,* J1 

with the onset of modern technology, the problem has'become more acute than ever 

before. For engineering purposes, cavitation may be defined as the process of forma¬ 

tion of the vapor phase of a liquid when subjected to reduced pressures. À liquid 

is said to cavitate when vapor bubbles form aa a consequence of reduced p essure In 
the liquid. 

Cavitation occurs Whenever the local pressure in a flow field falls below a 

certain critic il value. It is a problem in many areas such as in turbomachinery, 

hydrofoils, marine propellers and various hydraulic structures; conduits, valves, 

spillways, etc. In fact there is a possibility of cavitation in practically every 
instance of liquid flow. 

In the initial stages of cavitation macro~sised bubbles form in the »-i 

pressure region and are swept away into regions of higher pressura. The bubbles 

men coll*>se in such a manner that very high pressures are produced locally, crea¬ 

ting noise, hydroelastic vibrations and even physical damage to the structure itself. 

Further reduction in pressure results in more severe cavitation and can result in 

large vapor filled cavities which remain attached to solid surfaces ss shown in 

the frontispiece. At this point the performance of turbomechinery or of hydrofoils 
falls off severely. 

Severe cavitation damage and degradation of performance of turblnea, pumpa, 

hydrofoils, spillways, energy dissipators, etc., is commonplace and haa been cited 
again and again id the literature. 

Aa far back a* 1754, Leonard Euler, in a memoir on the theory of hydraulic 

turbines, suggested the possibility of a limiting pressure and losa of performance. 

In more recent times cavitation waa investigated by Reynolds (1901) in s simple 

experiment with a tube having a constriction such that flow velocity increased 

with a resulting decrease in pressure sufficient to create cavitation. The impetus 

for this early research camé from the introduction of propellers for ships in the 

latef part of the 19th century. It was observed that after e critical speed was 

reached, the propeller would "race” with a resultant loss in power end efficiency. 

Burril (1951) describes the cavitation problems encountered in the full scale trials 



I» INTKQh.CTIOM 

1.1 Central Backgrouna 

After more than half a century of Intensive research, cavitation In liquids 

still remains as a basic problem area In many branches of engineering. In fact» 

with the onset of modern technology, the problem has become more acute than ever 

before. For engineering purposes, cavitation may be defined as the process of forma 

tion of the vapor phase of a liquid when subjected to reduced pressures. A liquid 

Is said to cavitate when vapor bubbles form es a consequence of reduced pressure in 
the liquid. .in,..: ' ' i ¡shi .p 

Cavitation occurs whenever the local pressure in e flow field fells below e 

certain critical value. It Is a problem in many erees such as in turbomachinery, 

hydrofoils, marine propellers end various hydraulic structures; conduits, valves, 

spillways, etc. In fact there is s possibility of cavitation in practically every 

instance of liquid flow. 

In the initial stages of cavitation macro-sited bubbles form in the minimum 

pressure region and are swept away into regions of higher pressure. The bubbles ^ 

tnen colie see in such a manner that very high pressures are produced locally, crea¬ 

ting noise, hydroelastic vibrations and even physical damage to the structure itself 

Further reduction in pressure reeults in more severe cavitation and can result in 

large vapor filled cavities which remain attached to solid surfaces as shown in 

the frontispiece. At this point the performance of turbomachinery or of hydrofoils 

falls off severely. 

Severe cavitation damage and degradation of performance of turbines, pumps, 

hydrofoils, spillways, energy dissipatora, etc., is commonplace end has been cited 

again and again in the literature. 

Aa far back as 1754, Leonard Euler, in a memoir on the theory of hydraulic 

turbines, suggested the possibility of a limiting pressure end lose of performance. 

In more recent times cavitation was investigated by Reynolds (1901) in a simple 

experiment with e tube háving a constriction such that flow velocity increased 

with a res tilting decrease in pressure sufficient to create cavitation. The impetus 

for this early research cerne ¿rom the introduction of propellers for ships in the 

later part of the 19th century. It was observed that after e critical speed wee 

reached, the propeller would ,,raceM with s résultent loss in power end efficiency. 

Borril (11S1) describes the cavitation problem encountered in the full scale trials 



of th« "H.H.S. Turbini«" in the 1890’a. Eiaanberg (1963) further citas cavitation 

problems in the trials of the "H.M.S. Daring" during the sane period. Elsenberg 

also attributes the coining of the term "cavitation" to R. E. Proude, then director 

of the British Admirality's ship model testing laboratory. 

Since the early beginnings in cavitation research, a vast quantity of litera¬ 

ture on the subject has been generated. All the Investigations to date can probably 

be put in one of three categories: 1) cavitation inception, 2) cavitation daautge, 

3) fully caviting flows. Although not completely defined, an insight into cavi¬ 

tation inception requires first an understanding of the location and magnitude of 

the minimum pressure within a given flow field and secondly an understanding of the 

precise mechanism of cavitation inception or in other words a knowledge of the mag¬ 

nitude and duration of the critical pressure necessary for cavitation. As will ba 

shown in subsequent chapters, time dependent variations in pressure are of consider¬ 

able importance in cavitation and can have far reaching effects when it comes to 

predicting inception. Inherent in this area of research is the question of scaling 

model test data to the prototype. In fact, scale effects remain as a fundamental 

problem in model test work as cited by Holl and WisUcenua (1961). This investi¬ 

gation may be classified in this general area. 

The area of cavitation damage has been of particular Interest in recent times 

to not only the marine engineer and hydraulic engineer but also to the nuclear and 

propulsion engineer who finds himself concerned with pumping of exotic liquids such 

as the cryogenic liquids and liquid metals, l.e., mercury, molten potassium and 

sodium. The interest in a fundamental understanding of cavitation damage has re¬ 

sulted in the bringing together of the diverse research areas of bubble collapse 

shock propagation in liquids and solids, fatigue limits under shock loading of various 

materials and other complex considerations in both fluid and solid mechanics. This 

whole area is a field in itself and will not be discussed further. 

The third area, namely cavity flow, is another complete field in Itself and 

perhaps has seen the most successful use of mathematical treatment. A direct analogy 

may be drawn between the transition from subsonic to supersonic aerodynamic research 

and the shift from cavitation inception research to fully cavltating flow Investi¬ 

gations. This was brought about when it became apparent in the late forties and 

early fifties, that in many cases the speed regime of propeUers, pumps, hydrofoils, 

etc. 



..[¡.nil ill ¡T" .:.....¡I |l 

was auch thát cavitation was unavoidable. Varioua conponent^ bad to be dealgned 

where cavitation vu not avoided but actually «ought in the deelgn. Ex««pl«« of 

cavity flow analysis and design are numerous In the literature* The beginnings 

of the research probably date back to Lord Kelvin's (1887) attempt to explain 

the d Alembert paradox. Kelvin's solution did not accurately predict the drag of 

an infinitely long flat plate transverse to the flow in the fully wetted state 

but is quite precise for the case of . plate with an attached vapor filled Cavity, 

similar to that shown on the final picture in the frontispiece. The beginning. Of’ 

modern research in the area may be found in various post-war papers such as those 

o' Reichardt (1945), Plesset and Shaffer (1948), and Tulin and Burkart (1955). 

Ho» ever, no further mention of this field will be made in the following treatment. 

1,2 ~ Roughness Problem with Regards to Cavitation 

It i. i well accepted fact that In many Inatancec of practical laportanca, 

In contact with a flowing liquid are not hydrodynaalcally eaooth. Rough- 

nee. ten reeult from practical llmt.tlonn on .urf.ee fl«i.h euch a. for «.«pi, 

th. anoothnae. of concret, atructurae or the relative eaooth,.... obtainable In 

turboaechlnery or hydrofoil., other problea. erupt fro« leolet.d Irregul.rltle. 

euch e. . aleaetch of joint, and the presence of rivet., .creva, etc. feet work 

to dete he. been concerned with th. effect of Isolated irregularitle.. Rather 

limited work has been done on th. uff.ct. of di.trlbuted roughness a, opposed to 

“ 1,0l*,*d Ir",uUrltJ- “1th th. roughn... problea ere the turbulence 

end boundery leyer peremetere. In th. f.e of en leolated Irregularity, It ha. 

beau aho«, by Roll (195Í) that the bouod.ry layar parameter, may b, tr.,t.d „ 

Input to the cavitation Inception problea. Obviously. In th. cee. of di.trlbuted 

roughoes. the nature of the boundary leyer la directly related to the surface 

roughn... end to the pre.aur. distribution which in torn 1. related to body ahape 

and the growth of the boundery leyer itself. 

** Objectives end Suttnerv of the Present Investigation 

A survey of previous investigations into the cavitation inception problem 

indicates that • more thorough underatending of the effects of turbulence and well 

shear on cavitation in a boundary layer 1. required. Such an understanding is 

essential since in smny prectic.l ce.es csvit.tion inception occur, in s bound.ry 

layer. In particular this study was aimed at the more specific problem of « 
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boundary layer flow over a distributed roughness. The pioneering work of Daily 

and Johnson (1956) on the effect of the boundary layer and turbulence on cavitation 

inception near a smooth wall provided a firm foundation for the logical extension 

of this research to inception near rough walls. In fact, the experimental apparatus 

used in this investigation is an improved version of that used by Daily and Johnson. 

Preliminary considerations indicated that the important parameters to be in¬ 

vestigated were relative roughness, mean velocity profiles, turbulence intensity, 

wall shear, incipient cavitation index and the details of the bubble dynamics asso¬ 

ciated with the cavitation inception. Initial studies were made with a smooth 

roof, and the experimental techniques developed during this primary phase were ex¬ 

tended to the investigation of cavitation Inception, bubble dynamics, boundary layer 

developement and turbulence intensity near various surfaces having geometrically 

similar patterns of roughness. 

Cavitation inception was Studien visually whereas the details of the bubble 

dynamics were investigated with high speed photography. Three methods of deter¬ 

mining skin friction were used -- the Preston tube, the Von Karmen Momentum 

Integral Method, and a relatively new technique based on the universal law of 

the wall for the mean velocity profile. Turbulence was measured with a completely 

redesigned and improved total head tube-transducer costblnatlon similar to that 

originally used by Ippen et si (1955). 

Skin friction measurements were correlated into a universal law for boundary 

layers w'.th smooth and rough boundaries and both adverse and favorable pressure 

gradients an originally suggested by Clauser (1954). Turbulence intensity and 

cavitation inception are both shown to be directly related to the wall shear. 

Values of mean pressure at the wall measured during cavitation inception were con¬ 

sistently and considerably higher than the vapor pressure of the teat fluid (room 

temperature water in all cases). Analysis of this result with consideration of 

the measurements of Wooldridge and WilJmarth (1962) and others indicates that 

cavitation inception is inltisted by pressure fluctuations having s frequency 

of occurrence of less than 5X. This result is not inconsistent with both theory 

and similar conclusions drawn by Rouse (1953). Investigation of the bubble distri¬ 

bution in thî boundary layer, for wall praasurea lese than critical, Indicated 

that turbulent diffusion ia the controlling factor in the distribution. Close 



agreement with the dietributiona predicted by the cluelcel eudimcntetlon 

theory for fully developed turbulent flowe wee obtelned. Of greet impor¬ 

tance is the associated result that cavitation inception for all cases 

tested occurs in the center of the boundary layer Which is also constatent 

with the results of Daily ani Johnson (1936). this result is not com¬ 

pletely consistent with preset thought on the location of minimum pressure 

in a turbulent boundary layer. In addition, the roughness grooves the^ 

selves were observed to be tha source of nuclei for the subsequent cavi¬ 

tation inception in the center of the boundary layer. 

Experience with the experimental apparatus, especially a flattened 

version of the Preston tube amt the turbulence-gage has proved useful and 

is presented in some detail in the Appendix. 

Finally this investigation indicates the close relationship between 

cavitation research and modern hydrodynamic, and aerodynamic research on 

boundary layer noise and the fundamental structure of turbulent shear flows, 
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2.1 General Introduction 

The literature generated during the past half century on all aspect» of cèvi- 

tation la quite extensive; and, therefore, it la essential to reatrlct this rèviét 

to papers directly related to the task at hand. Primary consideration is thus given 

to the mechanics of inception, bubble dynamics and turbulence intensity aa defined 

by boundary layer parameters and related to roughness. Many interesting papers deal¬ 

ing with other observations of particular cases of cavitation as well as with fully 

cavitatlng flows and cavitation damage, while reviewed for their relevance to this 

study, must be considered of secondary importance; and hence, will reòeive no further 
mention here. 

2*2 Cavitation Inception and the Scale Effects Problr.m 

Probably the first important theoretical contribution to the investigation of 

cavitation is due to Rayleigh (1917). Rayleigh considered the collapse of an empty 

spherical cavity for the case of an incompressible fluid with the pressure remaining 

corstant at infinity. He obtained a solution by equating the resulting kinetic energy 

of the fluid to the work done at infinity by the pressure acting through a change of 

volume equal to the change of volume of the bubble. A solution was found for the 

wall velocity as a function of radius and of time of collapse and for the pressure 

distribution in the surrounding fluid. Ha also considered the effect of gas content 

on the resulting motion by assuming isothermal compression of the gac. Finally, 

Rayleigh computed the pressure produced if any empty bubble collapses on an absolutely 

rigid sphere. Here he abandons the assumption of an incompressible fluid but only 

after impact with the rigid sphere. Plesaet (1949) revived the Rayleigh theory and 

extended it to the consideration of a cavitation bubble in the flow about a submerged 

ogive body. For this study Plesset neglected the effects of the boundary layer but 

included the history of the pressure externei to the bubble as it moves from a region 

of high ptesaure through the minimum pressure tone and on tr the tone of pressure 

recovery on the body. He obtained good agreement with theory except for the initial 

stages of growth and the later stages of collapse. He further shows that for incep¬ 

tion in cold water, heat transfar sffacts and gas diffusion offsets are negligible. 

For the latter case thia is demonstrated by the quantity of heat necessary for the 

evaporation of water during bubble growth and the temperatura gradients necessary 
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through ch« dl)ffu*ion lay«r for thl* transfer of hast. In cold water this TtflffTHte 

to fractions of a degree. This problea is further considered in detail by Pleeset 

and Zvlck <1954). Knapp and Hollander {1948) had previously developed s photographie 

technique for observing the history of cavitation bubbles. They obtained good agree- 

ment for the velocity of collapse with the Rayleigh theory. They also point out that 

with increasing intensity of cavitation the bubble concentration increases to the 

point where interference effects are important. 

The first applications of the Rayleigh oaory have been extended to the stability 

of gas bubbles by Epstein end Pleeset (1950', the growth of vepor bubbles in Super¬ 

heated weter by Plesaet and Zwick (1954) and gaseous cavitation induced by aound by 

Strasberg (1957), Plesset and Hsieh (1960), Haleh and Plesset (1961) and Ellar and 

Flynn (1963). An excellent summary of this research has been given since by Pleeset 

(1964). Of importance to this study is the feet that the effects of heat transfer, 

compressibility of the liquid, and vaporisation time are unimportant for the study 

of cavitation inception in cold water. However, even though the time constants for 

gas diffusion are much larger than fo: vaporous cavitation, Straabarg points out that 

bubbles may initially grow to a critica1 size by gaseous cavitation and then initiate 

vaporous cavitation. 

At the same time that new interest ¿rose in bubble dynamics, research into scale 

effects was intensified. Scale affecta rafar to the fact that the so-called cavita¬ 

tion index, originally proposed by Thome (1924), 

{2.1) 

where P0 la some refarenes pressure 

Pvp 1# th* v*Por pressure of the liquid 

U* 
o , ^ „ 

p y la the free stream dynamic pressure 

is not the only parameter which determines the omet of cavitation. Kenne en, McGraw 

end Parkin (1955) investigated the variation of incipient cavitation with Reynolds 

numbtt for various submerged bodies. It was found that as scale and valedty Increase 
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th* cavitation inception nuaber approaches the abeolute value Of the MhiWtt pit!***«#» 

coefficient for atreaalined bodlea. On the other hand, Reynold* nwaber «re* a *ig- 

p if leant scaling parameter for aharp-edged dlaka. The difference* in the öaütetlet« 
inception phenomena were observed photographically. Inception for th* streamlined 

bodies began near the surface in the boundary layer, whereas inception ip the than 

of the dielte wee observed 10' occur in the corea of vortices in the hwUs,»* 

first time tensions were observed end measured in the /low of ordinary water dorit| 

incipient cavitation. In a clecuealon of this paper, Boll and Robertson suggested a 

correlation of data with the Veber number, 

whero 

ÆTpL 

U0 ia a characteristic velocity 

s la the liquid rurface ten*ion 

p la the liquid density 

L la a characteristic length 

(24) 

and showed that some cavitation incaptlon data for hemiapharaa and ogivas collapsed 

to one curve when plotted vertus the product of tha free stream velocity and the 

square root of the model diameter. Robertaon, a . al., (1957) also repon»! e Reynolds 

number correlation for cavitation inception date on dlaka, and a Weber mimbev correla¬ 

tion for various ogive nosed cylinders. For the blunter-nosed ogive bodies they suggest 

that either aceling law may apply end different inception indices can occur. They 

further suggested the existence of two regimes of cavitation inception. Oshlma (1900) 

considered theoretically the scale effects of cavitation inception on geometrically 

•imiler bodies. His mathematical model is baaed on Rayleigh'a equation for spherical 

cavitation bubble*. Real fluid affects are introduced by assuming dynamically similar 

growth on geometrically similar bodies until bubble sizes approaching the respective 

displacement thickneau are approached as suggested by Kermeen, at. al., (1955). Real 

fluid effacte ar* neglected in th* sense that incaptlon i# assumed to OOttMt at geom¬ 

etrically similar points on each body. Pressure distributions and botadtry layer 

properties er* assumed independent of Reynolds number. The key to fhs scaling effect 



in tilia tlwoty *• th* ti»« of «xpoaur* of * cavitation nucleus to «ii»!»«« ptaèaut«# 

on th* body. A dependence of cavitation index on body alt* and velddlty la •fodfld"' ';i! 

which la apparently In good agreement with selected experlaental results, doll 

and Wlsllcanu* (1960) conaldared the acal* effécta expreaaed by aiMlerlty ctm- ^ 

aiderationa, Including the dependency on fluid properties, roughness, ti%*ratifeij|j|ij 

gas content, number of nuclei, etc. They concluded from the snelyels of'extensive 

experimental data that scale affecta are important and that the relative importance 

vetious parameters other than the cavitation index was strongly related 'to the 

particular type of flow. Viscoaity and surface tension affect* ata important for 

cavitation attached to a wall. For cavitation away from a solid suffnea it was found 

that factor» auch as the number of nuclei in the flow and a characteristic velocity 

of th* cavitation procesa are important. In a diacuaaion of the papar by Boll and 

Wialicenua, McCormick derives a aimpie expression for the dependence of the cavita¬ 

tion index on the Reynold* number for sharp-edged disks. In th* analysis he neglects 

seal« effects due to th# bubble dynamics by assuming tha pressure at cavitation in¬ 

ception to be equal to the vapor pressura of tha liquid. McCormick related tha 

strength of the vortex shed from the disk to a characteristic velocity and length 

and to tha boundary layer formad on tho face of the disk. Assuming a Ranklne model 

for the pressure distribution through the vortex and a power law for the boundary 
layer profile, 

- 1/n 
ä . A 
U V (2.3) 

he obtains a relationship between incipient cavitation index, and Reynolds 
number, Ra, given by 

wh*re C la an undetermined constant. The beat fit of th# data citad by Eoll and 

Wialicenua gives a value of th* exponent, n, of 3,35 which is certainly a reasonable 

value for a boundary layar near a separation point. Th* important point is Shat th* 

scale effects pdiUffill-bï Ç*ff era primarily a function of viscous action and 

th* detalla of inception are probably unimportant. 



■■ •. lb 

Th« rol« of bubble dynamics» th« associated effects of gas content aud r | 

diffusion, and the stability of cavitation nuclei have been the subject Of swiny 

investigation», Ripkin and Olsen (19S8) and Rlpkln <1959) have made eipaklustts 

on bodies of revolution that Indicate that the so-called hysteresis effect la 

absent in tests with a high free air content. This effect is evident os the 

difference between the value of pressure at the onset of cavitation and the value 

of pressure required to remove cavitation. Hysteresis la present in water with a 

low number of nuclei. They further hypothesize on the action of vortielty In the 

flow as a stabilizing mechanism for cavitation nuclei. 

Another suggestion for the existence of nuclei is given by Harvey, et. al., 

(1947). They suggested the stabilization of small bubbles in small cracks or crev¬ 

ices in the wall material. Further work on hysteresis was done by Holl and Treester 

(1966) which confirms Ripkin's original hypothesis. They found that a certain time 

is required for a certain number of nuclei to flow into the minimum pressure region 

and create cavitation. It was observed that tensions of as high as 8 to 9 pal 

would be attained on the test body immediately after quickly lowering the static 

pressure level in their water tunnel. The tension would exist for several seconds 

before cavitation occurred with a sudden increase in pressure to a value equal to 

the vapor pressure. A theoretical model based on thr Rayleigh equation is presented 

which approximates the experimental evidence. Jchnson and Eisenberg (1966) also 

cite the effect of nuclei content on cavitation Inception and conclude that the 

accepted technique for cavitation testing using water with a low gas content end 

resorberá to drive undissolved gas back into solution in the water tunnel circuit, 

will result in scale effects for model data. Hence, model tesf.s thus performed 

give optimistic values for the cavitation performance oí full-t-fle hydrofoils, pump 

blades, propellers, etc. However, Holl (1960) cites a scale effect of the opposite 

trend when saturated water is used. For saturated water he derived the relationship 

for streamlined bodiest 

. 



wher« 1* tht al nimm pr«8«ure co«fficl«nt C 
^aln 

a 1« the diseoIved elr content tn pipa by welglit 

0 le Henry's constant, psi/ppm 
2 

PT la th* fr** •trena dynamic pressure 

9 

Good agreement with some data published by Calehuff and Hlslicenuc (1956) was fotind. 

In summary, the available literature on the subject of scale effects Indicates that 

great care must be exercised in extrapolating any model data on cavitation. 

2.3 MNleïWS Md frmhness Effects on Cavitation Inception 

A particular category of the scale effects problem cited above are the effects 

of turbulence fnd roughness. Few data are available on these two particular aspects 
of cavitation Inception. 

Rouse (1953) investigated cavitation inception in the high sheer rone of a 

submerged water Jet. Inception data obtained in water were correlated With measure- 

ments of the fluctuating static pressure ir a free air Jet. The results Indicated 

that cavitation occurred at a value of the cavitation index given by 

(2.6) 

where is the maximum value of the root mean square 

value of the static pressure fluctuations 

o is the dynamic pressurp at Jet nossle. 
p 2 

Rouse points out that it le the negative peek of the pressure fluctuation* that 1* 

important. Further, he attributes the coefficient of 10 to both temporal and rpatlal 

variations of turbulence. In other words h# hypothesises that 

(2.7) 
Ü 



where i» the effect #¡f temporel véïletfèhi it 'iurhtii^p 
la the effect of epetlel verletlone 

Rouee points out thet if e Geueelan dletribution of temporel varietione of pre i 
with tine ie assumed, end if negative preaeure fluctuatione which occur lee« 

5X ere reaponeible for the cavitation inception, then the coefficient Ct has ëuf 

value 1.64. 

Daily and Johnson (1956) investigated the effect of boundary layer turtóench 

on cavitation inception. They found that Inception near a smooth wall in a two- 

dimensional water tunnel would always ocCur when the local wall pressure was grestsr 

than the vapor pressure. They correctly attribute this to a pressure reduction in 

the boundary layer due to turbulence. Using turbulence data estimated from high-speed 

photographs of cavitation bubbles in the flow and applying Batchelor's (1951) equation 

for isotropic turbulence: 

- 0.583 pu' 

they obtained the value 

7.9 

£ 

In addition, they noticed from inspection of high-speed notion pictures of the ccvi- 

tating. flow that inception occurred in the center of the boundary layer. This is 

in contradiction to the theoretical result that the static pressure in a turbulent 

boundary is a minimum close to the wall. 

, The major portion of the literature on the effects of roughness on cavitation 

inception is limited to studies of isolated irregularities. Eisenberg (1951) con¬ 

sidered the effects of small errors in the shape of a given body using potential 

theory. This study is limited to a "waviness" of the bounoary rather than a sharp- 

edged irregularity. Shalnev (1950), (1951) presents empirical data for inception 

on different discrete roughnesses and roughness projections such as occur at th* 

ends of turboaschinery blades. He did not correlate his data with boundary layer 



prop«rtiM. 

loll (1959) conducted an exhaustive serlu of «xperlncnts cm e«Uit«tàett 

tlon for tvo-dimenslouel isolated irregularities submerged in a boundary layer fiée. 

Both aharp-edged protuberances end circular arc projections wets studied. It use 

found that sorralatlon of the cavitation Inception index could be achieved by com¬ 

pering it to the height cf the roughness in terms of the boundary layer thlckneau, 

to the boundary layer shape factor (defined aa the ratio of displacement thickness 

to momentum thickness) and to a Reynolds number beend on roughness height and local 

valocity. Raasonabla correlation with theory vaa achieved for the caes of unaopar- 

ated flow ovar tha circular arc protubarancas. Recently, Benton (1966) studied the 

problem of cavitation inception related to three-dimensional roughnase elementa. 

Patterns of roughness coneletlng of a row of equally-epacod elements on a flat plata 

wart studied with the row both aliened with the flow direction and transverse to the 

flow direction. Roughness shapes considered were cones, cylinders and hemispheres. 

Similar trends to thoee observed by Roll were found for the dependence of the incep¬ 

tion index on relative roughness end Reynolds number. 

Previous investigations of cavitation near surfaces having distributed rough¬ 

ness are quite few in number. Benson (1958) made a limited study of cavitation nie« 

a well roughened with cloeely-epeced rectangular slots transverse to the flow. At 

relatively high well pressures, cavitation wee flret observed in the slots. The 

cavitation in these grooves than supplied nuclei to the flow in the adjacent boundary 

layar where cavitation occurred when the pressure wee lowered still further. The 

variación of the incipient cavitation index with velocity for the boundary layer wee 

fairly small wharaaa the variation of the index for groove cavitation wee from 1.2 

to 0.35 over a range in velocity from 20 to 50 feet per second respectively. Cloea 

inspection of these date appear to indicate the occurrence of teeeoue cavitation in 

the grooves and vaporous cavitation in the boundary layer. 

Colgate (1959) made a limited study of cavitation near two types of concrete 

surfaces in a two-dimensional duct. For aach surface he correlated wall pressure 

at cavitation inception with well sheer velocity. However, the values of well 

sheer reported for a relative roughness height of approximately 0.4 appear much 

too low when compered with other measurements of shear «trass near rough boundarias 

euch as, for axampla, Nikuradse (1933). More recently, Numachi, at. al., (1965a) 

* ! "TT ■.:. 
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(1965b) and Numachi (1966) haw studied the effect of surface striations on hydro¬ 

foil performance. Teats on the affect of roughness <»1, lift and drag; under cavita- 

tiog and non-cavltaring conditions were run with hydrofoils having the roughness 

grooves directed either parallel to the flow direction or trenovoran to the flow 

direction. In both caoca degradation of both cavltatiag and non-cavltatIng par1- 

formanca was obaarvad which increased in severity with an Increase in roughness 

height. The cavitation stall point (tha value where lift drope off with a da*î 

create in free etrea.i atetic pressure) wee observed to occur at valúas of the ,oavi** 

talion index which increased with an increaae in the intensity of roughness. 

2,4 ?urbulept Flow Sejr Smooth end Rough Boundaries: Inwetigetlon of 

Temporal Mean Velocity Distribution and Well fih«fr Str».« 

A comprahanaive treatment of the literature on turbulent boundary layara la 

bayond tha scope of this investigstion. However, an excellent sumary cf the early 

thought on thia eubject was giwn by Schlichting (1960). Clauser (1956) also pro¬ 

vided an excellant synopsis of present thought on tha mean structure of o turbulont 

boundary layer, which included his earlier (1954) work, along with soma new sug¬ 

gestions tor further research in tha area. Ha ra-anphaalsad tha existence of a 

universal law of tha wall, which was first derived using a similarity argument by 

Prandtl (1962). A slightly different apporach was offered by Von Karmen (1932) and 

a critical review of tha ainilarity argument was giwn by Millikan (1934). This 

law of the wall holds in tha region wry close to tha wall out to approximotoly 15X 

of tho total boundary layar thickneas ana is giwn by 

where 

£ I 
K 

In + A (2.10) 

u is the local temporal mean wlocity et e distance y from the well 

uA is tha ahaar velocity 

V la the kinematic viacosity 

k la the Von Karmen constant 

The constant A is Independent of pressure gradient but verles with well roughness* 

Clauser find« from his analysis of several sets of data that x la 0.41 and that A 

has tha value 4.9 for smooth walls. Corresponding to the law of the wall, Cltuaer 



(1956) also suggests a universal velocity delect law which, la the region it 

validity of the lav of the vail, is given by 

(2*11) 

where U is the oaxiaua velocity 

6* is the displacement thickness 

Here the constant B is Independent of roughness but is dependent on the pressure 

gradient. By a very unique method of considering the outer portion of a turbulent 

boundary layer as a laminar layer having a constant value of eddy viscosity and 

having a velocity distribution which can be extrapolated to a finite slip velocity 

at the vail, Clauser (1956) was able to arrive at some interesting conclusions 

concerning the similarity of boundary layers. He deduced from the theory and 

available experimental evidence that: 

1. The eddy viscosity in the outer 80Z-90Z of the boundary layer la constant and 

proportional to the product of maximum velocity and displacement thickness. 

2. The eddy viscosity at the inner portion of the boundary layer la proportional 

to the product of the shear velocity and the distance from the vail. 

3. For equilibrium boundary layers given by a constant value of the parameter 

t 3x o 

tlon of flov, the constants of proportionality for the "inner" and "outer" laws 

of eddy viscosity are independent of the effects of rougîmes« and pressure gradient. 

At the same time Coles (1956) made an extensive survey of existing experi¬ 

mental data on the turbulent boundary layer. Ha suggests that the entire boundary 

layer nay be representad by two universal lavs; the inner portion by the logarithmic 

law of the wall and the outer portion by a universal wake function which Is char¬ 

acterised by the profile at a point of separation or reattachoent. The equation 

for the distribution of temporal mean velocity through a turbulent boundary layer 
is given by Coles as 



where 

■ Bp ïiliKil 

t-W il 

w ie the universal wake function 

II la a function of the local wallshear atrees and the parameter, 

Hilt 

(2.1?) 

Udj 

fürther» Coles demonstrates that when the shear atrasa at the wall approaches aero, 
the velocity distribution reduces to 

- f « (y/fi) (2.13) 

He further suggests that A tabulation of the function co(y/6) Is given by Coles, 

for a sero pressure gradient II has the value 0.55. 

Of direct consequence to this Investigation is the measurement of wall shear. 

A great deal of data has been collected for wall shear due to turbulent flow over 

smooth walls. Nikuradse (1930) was able to confirm the existence of a law of th¿ 

wall, as proposed by Prandtl, with measurements of shear stress and velocity in 

smooth pipes. Later, Ludwieg and Tillman (1949) proved the existence of a law 

of the wall for boundary layers using an Ingenious heat transfer technique for in¬ 

direct measurement of surface shearing stress. Preston (1954) developed a simple 

technique for measuring shear stress on smooth walls which depends on the universal 

law of the wall. He found that the pressure sensed by a round total head tube rest¬ 

ing on the surface adjacent to a turbulent boundary layer is a universal function 

of the wall ahear, tube diameter and the properties of the fluid. This technique 

remains today the most direct and simple method for the determination of wall ahear 
on a smooth wall with turbulent flow. 

The variation of surface shear on rough boundaries is a more complfcx problem. 

Early investigations of wall shear for turbulent flow near rough boundaries were 

generally restricted to observations of uniform flow in a pipe or flume, the value 

of the surface shear stress being inferred from the energy grade Una, i.e., pressure 

gradient for pipe flow or channel slope in the case of the flume. The classic study 
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«h* ï* S i* th« pressure gradient 

r Is the pipe radius 

P is the fluid density 

uav U the •v,r»g# velocity in the pipe (flow rate divided by _ 

sectional are*:) 

was a function ofxgslative r ou {lines s only: tSHiWli 1¾¾¾11 
A 

“ (1.74 + 2 log i/k )z 
liiiiii (2.15) 

waeia is che sand grain dlaneter. For lower Rsynoldn nuabezs » the pipe re~ 

sistance factor is dependent on both the relativa roughness and the Reynolds 

Other pipe flow Investigations on ''groove*' and "dept lesion" type rough- 

ln~ 

number. 

uess performed by Streeter and Chu (1949), Sam. (1952) and Ambrose 1W 

dicate a shear atrasa behaviour that Is Independent of the roughness height. 

^his phenomenon is probably explained by the existence of a stable vortex in 

each roughness groove, with the major energy dissipation occurring In theca 

vortices. Deepening the grooves probably has no Influence on tie site of these 

vortices, and the energy dissipation remains constant for a particular flee con- 
dition. 

Experimental inveatigationa of wall shear stress for the case of non-uniform 

flow over rough boundaries srs fsw in nuabsr. The reason probably is that tha simpl, 

method, of determining shear .treat in uniform flow, or the Pra.ton tuba und Stanton 

tub« techniques for amooth walla are not available. Tha flret approach to the com¬ 

putation of the wall .haar atraa. di.tribution on a rough pl.t. ws. made by Prsmdtl 
am A C .*1% 1 J j • 

wmm mmum uj rir» 

and Schlichting (1934) by tran.po.ing and uaing tha pipe flow data of Nlkuradat 



*#lth the «id éf the Von Kara™ nòm« itum integr.il eila^ièn féji'ii 

**ro gradient. This analytical ItaveëtigÂ^tl iba bi^èhdaà^by tgc 

mental work of Schlichting ¢1937). Moore (1951) investigated the rough wall boon 

Uy« io . uro pro..»« gradlont. His roughnaa. conal.t.d of .«joar. roda placad 

aörmal to the flow and spaced a distance of 4 roughness heights «¿d#t. Three sisas 

of roughness were ussdi 1/8, 1/2, -nd 1 1/2 inch squares. He attempted to correlate 

hia resi/ts with the analysis of Prandtl - Schlichting wfeici}, was basad on the dis¬ 

tança, s, from the leading edge of the plate. This distance is ill defined, owing 

t3 the uncertainty of the flow conditions when the boundary layer thickness is com¬ 

parable to the roughness height. Moore did find that there was a universal velocity 

defect Law identical to the smooth wall law provided he properly selected the datum 

for measuring the distance from the wall and the boundary layer thickness to be 

some distance below the créât of the roughness. Clauser (1954), encouraged by 

Moore's result that the velocity defect law la independent of the roughness, developed 

a method fnr analysing roughness effects which is the most useful to data. He found 
that the logarithmic velocity distribution given by 

U* It 
+ A 

(2.16) 
'iin'IfiSI I !: ''ll 

undergo«. . downward .„If, b, «. uooor, M , th.t the log.rlth.ic !.. u, b. 
written in the form * 

^ -^ln~~+A-^ 
u* * V U. 

Nikuradae (1933) had established a logarithmic law of the wall in the fora: 
xj* i I* • n , 



with the mU 0t the Von Kenan momentum Integral relation for a boundary layèr iHth 

•wto Pteoaur. gradient. Thla analytical Inveatigation vaa eatended by the experi- 

-ntal work of Schlichting (1937). Moore(1951) inv.atig.tnd the rough well boundary 

layer in a aero pressure gradient. His roughness consisfed of square rod» placed 

normal to the flow and spaced a distance of 4 roughness heights apart. Three Uzea 

of roughness were used; 1/8. 1/2. «d 1 1/2 inch squares. He attempted to correlate 

his results with the analysis of Prandtl - Schlichting which was based on the dis* 

tance, x, from the leading edge of the plate. This distance is ill defined, owing 

to the uncertainty of the flow conditions when the boundary layer thickness is com¬ 

parable to the roughness height. Moore did find chat there was a universal velocity 

defect law identical to the smooth wall law provided he properly selected the datum 

for measuring the distance from the wall and the boundary layer thickness to be 

some distance below the crest of the roughness. Clsuser (1954), encouraged by 

Moore's result that the velocity defect law is independent of the roughness, developed 

a method for analyzing roughness effacU which is the nost useful to date. He found 

that the logarithmic velocity distribution given by 

(2.1b) 

undergoes a downward shift by an amount 

written in the form 

(7.17) 

Nikuradae (1933) had established a logarithmic law of the well in the form: 

(2.18) 

I Mli ï 



(f.h« constant k is asslgnad the vein* n At w «i 

fro. tll. flrtt Cl'' A * y C1*“"r)- *» .. 
rir8t Cl*«*er found the relation t < 

I, 
+ const. 

Clauser found that Moora'o data fit this ex- 

' l}!< i:1 L- a III- ¡ '-li 

which holds for fully rough flow, 

pression very well. 

pu« invMti8,tion °f ^ ^ «« ■ 
were used giving t 28-fold U* 8eo,,*tric*lly •!*«• of aereen 

giving fc 28-fold magnification of roughness height, de eo«,^ w, 

data Wlth S-k-’9 - for - same roughness and ound e l 
®ent using Clauser's analysis h- -t ««ellent agree- 

d.t. »d flan d.t. M1 " t * ° PrM““ * coaP4rUoo b.t«„ ffcor.-. 
a*ta collected by Rend for a rnmn.ii . 

U axe.lient roughn... ^.ic .,.ln u , 

roughened .utl.ee. “ Tj^ T ^ “ 

obteined he ..,ily e, ended t ^ ‘ ^ th* d«« 

doubert (1963) petf I ” ^ j parrormed a set of experimants nn . <ri . 
cnlly the Mm,er „ P1*“ r~«*>«nd In Identl- 

« Hn... Tb. dutetnnel tb . “ ^ d“* “ ““ '-»Ion 

pressure grndlente. Ihn date obtained ”***1*“*°" “*a C"rrl*J out und»r Mimt. 

obtained with teto Pteeeut. rLÎ.„; jTT ^ 
1« of th. ».n i. ’ D "8 th* °rl>1“*1 —-Ptlon that th. 

ia inde£endent of pressure gradient. 

-- 
V&40ÇÍ^Y Preesure Fluctufi-^ 7 91 

a. tru. nature of turbuUnc. 1. .till unknovn „d fe-,,,., .'-.ï.""', 
poeed to det. nil depend on .upol.«.„t.l „ , . Pr°- 
Invnatlgetlon. of e h i enper »ent.l dâtn. Seriou, .xp.rln.ntal 

eetlgetlon. of turbulent .hear flow baga, m th. ¡M»’. k,.e .. , 

Vfl.tlgation. nr. th. d.t.mlnntloo. of e. n . ' ^ “* Cl***lc U- 
. turbulence inteneity in a _ » 

chain. 1 aid . pip. by Uuf.r (1,51) t^dl^neioo.! 

of . boundary l.y.r In . Mr„ pr.e r g^Unt gT ^ ^ 
••ura gradiant by Klabanoff (1935). With tha 
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Inpcovtntenc of th« hot wir« t«chniqu«, a great deal of additional «xparlaanui 

date on turbulence intenaity in air near anooth walla la now avallab’«. United 

data are avallabla for liquid flow. Graveto (1967) analysed the available tut* 

bulance data for enooth walls and concluded that turbulence intensity la primarily 

a function of wall ahear. 

Turbulence intenaity data for flow over rough walla are few in number, the 

firat significant study in this area appears to be the measurements of tlllmaw 

(1945) using a sand roughened plate. Following this study, Moore (1951) made some 

measurements on a plate roughened with square roda. Correia and Kistler (1955) 

determined the turbulence intensity in a boundary layer flow over a corrugated 

surface. Two studies have been made on the turbulence intenaity following tin 

abrupt change in roughness; in a pipe by Logan and Jones (1963), and in a e.«- 

dimensional channel by Carper, et. al., ¢1963). Recently, Robertson and K rtin 

collected data in two pipes; one roughened with sand grains and the other having 

a "natural" roughness. All the above investigations used air at the teat fluid. 

Two studies of turbulence Intensity in water flow over rough boundaries have 

been made. Faga (1933) used a two-dimensional channel with the walla roughened 

with a pattern of pyramids, similar to the knurling found on the handles of varioua 

hand tools and Instruments. Turbulence Intensity was inferred by the motion of 

small impurities in the water which ware observed with e microscope. Only 

turbulent velocities were reported. Liu, et. al., ¢1966) has made measurements 

in an open channel flume with a bottom roughened with square rode in cha same 

fashion as Moore (1951), Qualitatively, the results agree with previous hot 

wire data, but a vary large amount of scatter is evident. 

Analysis of the meager results available to date indicates a strong depend¬ 

ency of turbulent intenaity on wall shear. However, apparently th* shape re¬ 

lative height of the roughness is important in the rsgi-n close to the wall. 

Associated with turbulent velocity fluctustione are the tenoral variations 

in static praaaura. Taylor (1936) considerad this problem and derived the 

relation 

i - 1, 2, 3 

¢2.20) 



or for isotropic turbulence 

where p' ie the tine varying component of static pressure 

uj are the tine varying components of velocity 

p is the mass density of the fluid 

Batchelor (1951) found a similar relationship for iaotropic turbulence, lecause 

of inatruaentation problens, the actual measurements of p' in a shear flow are 

very limited. Rouse (1953) quotes some measurements in a turbulent jet end 

Strasberg (1963) presents some data for the turbulent wake behind e cylinder. 

In a turbulent boundary layer, measurements of fluctuating praaeure ere 

limited to well pressures. Kraieben (1956s) considered the problem theoretically 

and using soma data of Uufar (1951) was able to show that the primary contribution 

to the pressure fluctuations in a turbulent boundary layer near a well ie the 

interaction of the turbulence with the well sheer. He predicts the value of the 

root uuan square of the pressure fluctuations to be 6 times the magnitude of sheer 

stress. Ulllmarth and Wooldridge (1962) measured the pressure fluctuations in 

air beneath a 5 inch thick boundary layer and found the root mean square wall 

prese are to be 2.19 times the wall shear. They also summarized the data of other 

investigations to date and concluded that the rms wall preasure-shear strass ratio 

decraaaea slightly with an increase in Reynolds number and surface roughness. They 

aleo found that moat pressure dieturbencea are convected downstream with a speed 

approximately equal to 0.8 of the maximum velocity. Energy density spectre of 

the pressure fluctuations are similar to those for velocity fluctuation, and 

appear to have a universal form when they are normalized with respect to displace¬ 

ment thickness and maximum velocity. Bull, et. el., (1963) also made similar 

measurements end compared thair resulte with1ell the previous investigations on 

the subject. They found that increased from 2.11 at a momentum thick 

ness Reynold's number of 6,400 to 2.80 at e Reynold's number of 33,800. This is 

in disagreement with the conclusion reached by Willmerth end Wooldridge (1962) 

after the analysis of several daca for low speed flow. In this case, the Mach 

number was also increased in direct proportion to the Increase in Reynold's number. 

- 21 - 



Maos tie lio (1965) found that J7^2hù Increaaed with Mach oumber, ovar the «aiw 

tanga of Mach n afear uaed ln Bull'a aaaaurenenta. Maeatrallo alao found a 

•mivaraal powar «pectrum for praaiura fluctuation« when the maximum velocity 

end the displacement thickness are usad as a characteristic 'velocity and length 

respectively. 

Little haa been repotted on the effect of roughness on the wall pressure 

fluctuations. Willsiarth end Wooldridge (1962) made a limited study on a sur¬ 

face having natural roughness (tool nicks and scratches) which Indicated a 

increase in Abecasis (1966) measured fluctuating wall pressure in 

a tilting flume using water and several ty?«e of rough concrate surfaces. 

Unfortunstely, Abecasis did not study the statistical properties of the pressure 

fluctuations. He only reports the maximum negative peaks in wall pressure, this 

quantity is certainly iil-defined ; however, if thi* peek is assumed to leas 

than 5X of the time, its value would be equal to 1.64 ^p^V Assuming this to be 

true, his data is in substantial agreement with the smooth wall date previously 

cited. There appear to bt no dstsilsd results svsilable on the roughness effect 

on turbulent pressure fluctuation. 



Ill, 
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3*1 iRtE «taction CT , 

This Investigation U an experimental study of cavitation Inception wfth 

particular ssqihasls on the affects of turbulence and boundary roughnesf. In 

order to place the experimental results in the proper context. It Is necessary 

to review the available theory and to Investigate the possible deviations fro* 

the theory. Basically, cavitation Is caused simply by the fact that, owing either 

to convective or local accelerations in a flow field, the pressure at some point 

falls to a value low enough to permit the exiitence of both the liquid and gaseous 

phase. The analysis thus poses two questions: 1) what is the location and mag¬ 

nitude of the minimum pressure in a given flow field and 2) what is the value of 

pressure neceestry to initiate the formation of the gaseous phase, i.e. cavlte- 

tion. At first glsncs, the problem does not appear complex and for some engi¬ 

neering applications ths cavitation problem can be simplified to the point that 

it ie amenable to rapid calculation. On the other hand, there ere many unanswered 

questions which depend either on ths real fluid effects or on the details of the 

inception process or both. What has plagued many previous investigators is that 

it is difficult at timea to place an observed deviation from a simple theory into 
the proper category for detailed analysis. It ie necessary then to examine the 

existing theory, to thoroughly understand the assumptions that want into the analy¬ 

sis, and to investigate new theoretical approaches to explain observed deficiencies. 

3-2 Fundamental Cavitation Law 

If a fluid la considerad to ba incompressible end invlscid, the Bernoulli 

equation 1« known to apply in the form: 

U2 

(3.1) 

where p is the fluid d^uslty 

Uo is a reference velocity 

p le a reference praasurt 

i 1:111] 



îh« so-called cavitation Index is defined as 

tfiere is the vapor pressure of the liquid. It is obvious fro* the flai 

jquation that this is a pertinent parameter cavitation occurs at the vapor 

pressure p^. If this is true then the value of o at the point of incipient cavitation 

is obtained by setting pvp » p^ or fro« ¢3.4) end (3.5) 



<*4 » * C i pain 

(3.6) l. th. K^Ä.l of «A*m incptlon. 

cvitotloo to bo, u .«tod, only . fuoctlot, of pj, ff ) p and p , It 1. a,,. 
dirntnetonally that a 1« th. rmU 9 0 %’ 1 Cl**r 

' ' .h* only varl«ble necasary to daacrlbe th» flhf, A 
otopU cuo. for «»pi.. 1. tb. v.rLtloo of lift oo « hydrofoil «1th th, 

-Vltotlon iod„. Billao* a lift eoofflclnt ' 

So- 
" Uo 
p 2 So 

(3.7) 

wt»*r« U 1» th» lift 

8o pi an form area 

and neglecting viacoaity and free surface effects, it follow fr«: dimensional 
reasoning that 

\ • Ha) only 
(3.8) 

1111..1. illuatrotcd ln Figur. 3.1. Th. am.» pr...ur. cooffldent oo th. 

*“ °f * tT,>1“1 hydr0f<>11 « * -ni ««1. of .ttack 1. -1.25. Ih. .olid 
l o.. indict, th. variation of yrcur. co.fftcl.ot ov.r th. upyr »d lo».r 

f0t n0"-C*VU*tln‘ «• -P. truly lovl.cld, th. v.lu. 
<- „ .t tu trailing .dg., ./. . l.0. «ouId U 1.0, „d th. lift would h. raro. 

U» «lu. of th. lift co.fflcl.ot 1. glv.o by th, lot.grm 

<CP1 • Cpu> -* (?) (3.9) 

where Cpi is the value of on th« lowr*surface 

Cpu 18 th* v*lu* of Cp 00 th» upper purface 
c 1» the chord length 

Ï5 



■K
M
M
S
i
 



Por «11 valu«« of o gr.at.r than 1.25, 1« « coMt.nt. However, m o'i. 

lowered below 1.25, th« flow field 1« Modified «Inc* the alnlaua value of the 

static pressure 1« given by p^. Ihu* -Cp>|ln « o and the preoeure d^atribu- 

tions *r* " »ho™- ^oni equation (3.9) it 1« obvious that uust be 

reduced in value. At the same tine the flow reMlna no longer attached t» .i; 

the upper surface of the foil and a cavity ia formed, the length of which 1« 

indicated by the son« of constant ao .hown in Figure 3.1. The lift 

coefficient will decrease with a reduction in o until a • 0 where CL attains 

its mlniBum value as shown. This is an elenentary example of the dependence 

of performance on the cavitation index. However, In practice, the problem is 
much more complex. 

3.3 Bubble Dynamics 

*o understand how the slople theory cited above can deviate from experiment, 

It 1« necessary to investigate the actual process of cavitation. The existence 

of emell spherical bubbles (nuclei) in the flow la assumed. Following Rayleigh 

(1917) we consider a small spherical bubble ip an Incoeipreaaibla, inyiscid fluid. 

Gravity la neglected, and the motion ie assumed to be axlsymmetrical. With thijee 

assumptions any change in bubble aise may be represented by a source flow. The 
velocity potential is given by 

• . £ 
r (3.10) 

where r is the redial dletance in spherical coordinates. The velocity of the 

fcubbl. ».11 1. ,1,.,, by n Wh.r. Mt> 1. the «di», of th. bubbU th. bo»nd.ry 

condition to be aetiefled is V 
I 

• . il . di « 
V ’ 3r dt * r - R v 1# t*1« velocity. (3.11) 

Substitution of (3.11) into (3.10) ylelda the strength of the source as 



so that the vslocity potential of the flow li |fopn. 

where the prlne denotes differentleti»: with lespeet !|o üíbíj : He dymaOtie: n|fMi 

tion for unsteady flow let , . . . ,L\ , • n,:: ::j:i . >;i¡ :t.u: smw 

+ P(t) 

By substitution of (3.11) and (3.13) into (3.14) and letting p • p^ it infinity* 

the following equation may be written 

_£îüaaii+1 ■ 2 lîonz P« * pW 

where p(R) is the pressure at the bubble vail. The equation of motion for the 

bubble wall is obtained hy letting r •* R: 

RR" + j(R’)2 - p(R) ~ P°° 
P 

¡il jijiWi1 
(3.15a) 

The pressure difference between the inside and the outside of the bubble may be 
I M¡| ' Ifllîl 

obtained from the equilibrium between the partial pressure of vapor and gaa In- 

ale« the bubbla, tha aurfaca tension and the external pressure thus 

p(R) - P- - ?vi. + Pg - 2| ^ pB 

«h.r. Pïi) U tb. ..por prQi.ur. 

p la tha partial pressure due to 
» 

a is tha surface tension 

Assuming isothermal conditions, and neglecting diffusion so that the weight of gan 

I tai 
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W, r«Mlna con*tant mithin th* biibM*!t th* t** pfaiiitf* I* I 
m 

a m MW 
8 4tR3 

wh*re W 1* the n*ight of gu 

N is the gas constant 

T is ths absolut* temperature 

Í3.17) 

Utting K - » , Equation (3.15a) My ba »rlttan In tha to» 

hi- 

RR" + -|<R')2 - i 
P I vp 

_ iâ + i1 
* r3 

IMs «quation is fairly comp 1.x due to it. non-lin*arity. Howv.r, i*v*ral aolu- 

tione for special cases have been cit.d in the literature. Rayleigh solved the 

problem for pm - constant. An exact numerical solution for gaseous cavitation 

under a sinusoidal variation of p, ( is given by Eller and Flynn (1965) 

solution the term K/R3 is modifi.t to allow gas diffusion. 
In this 

It is important to 
note that there are several assumptions inherent in the formulation of Equation 
(3.18) 

1) inviscid flow 

2) iso-thermal conditions 

3) tero diffusion or heat transfer 

a, vapor pressure is constant, i.s., time for vaporisation or conden- 

sation la aaall comparad to tha bubbla motion 

5) spharical symmetry 

A critical discussion of those assumptions la glvan by Flasset (1964). For this 

study the fectors effecting growth, rather than collapss.ire important. For” 
Urge R we find that 

at 
R ♦ 0 

— 
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Inapt tion of bubble growth data indicates that equation (3.19) is a good appro*!- 

nation a short ^ine after initial growth. 

3.4 MLU-Saki<. :.1 

Aa pointed out previously by Da> xy and Joiuison (19^6), an equation of static 

stability for a snail bubble may be obtained. By setting the inertial terns to 

zero in «quation (3.18)» the equation for settle equilibrium of a spheric l bubbxt 

is obtained in the form 

P» - P. 
I , 
R3 

By differentiating aquation (3.20) with respect to R, a minimum value of pn - p 

and a corresponding critical value of bubble radius la found which follows the 

relationship 

up 

(3.21) 

where ?* is the minimum value of p„. * p._ 
* vp 

R* is the corresponding critical radius 

Equations (3.20) and (3.21) are plotted in Figures 3.2 and 3.3 respectively. It 

la to be noted that with decreasing gas coûtent (KM)), the valus of tha critical pressura 

approaches nagatlvs infinity. Rowsvsr» ss ths critical radius approaches di- 

nans ions of the aame order ae the liquid molecules, tha theory Is no longsr valid. 

A theoretical analysla, which take.:» into account tha molecular structure of the 

liquid prodicta tha possibility of tensions as high as 300 to 10,000 atnoepherea. 

V'S if 





Laboratory axparlaants hava indlcatad tanaloaa la watar aa high aa 300 ataoapharaa. 

On tha othar hand» anginaarlng axparlanca indicataa that cavitation ganarally occur# 

at a valúa of atatlc haad cloaa to tha vapor praaaura. Vor auch condltlooa, nuclei 

must axial in tha flow having bubbla dlaaatara greater than 0,001 Inch aa ahown In 

Figure 3.3. A further conparlaon with thla theory la given In the dlacuaalon of 

raaulta. 

3.3 Scale Effect« on Cavltatign InçeptloR 

3.3.1 Introdyictlqp 

The function of a cavitation inception experleont la to provide general 

information for the prediction of cavitation. Quite often, a nod 1 la uead with 

a physical aiaa ieaa than tha prototypa. Tha cavitation acc.Hng law Infara that 

for geometrically similar bodies, flow conditions ara tha sama whan tha cavita¬ 

tion index la equal in prototype end modal, regardlaaa of tha dlfferencea in 

velocity ind/or scale. Obviously, this can be true only if tha original aaaunp* 

tlons made in the cavitation scaling law are true, l.e., If it la dependant on 

p, UQ, p0, and only. Reported vavlatlona in tha value of o for a particular 

shape with velocity or scale are numerous. The reeeons for tha acela affacta art 

sometimes ill defined, and quite often are due to combinations of several influ¬ 

ences. Primarily, thase effects can be separated into two categoria*ï 1) devia¬ 

tions from the Bernoulli equation, l.e., tha static pressure no longer varias with 

tha velocity squared and 2) the critical pressura for cavitation has a valu« dif¬ 

ferent from the liquid vapor pressura. Scaling problems in tha first category era 

classic, but cavitation inception brings to light new problema In this area, 

particularly when inception occurs away from a boundary. Tha second category 

1» peculiar to cavitation and implies the consideration of fluid propartlas that 

are not normally Important lu anginaarlng practice. Tha first step in tha solu¬ 

tion of the scaling problem 1« tha determination of the significant parameters. 
» 

The following discussion will be limited to cold liquids, having a low value of 

vapor pressura, eliminating affecta of Hast transfer and compressibility. 

3.5.2 .91, .frSln f R&, .iMif ftffif TiSfliSB 
If heat transfer and gas diffusion era neglected, and If tha test liquid 

used has a gaa content lass than at saturation, it can be assumed that dynamically 



similar cavitation incaption will occur if 

V 
~ » constant 

o 

wbera Vc is a charactariatic velocity of tha cavitation process. From «qua- 

tion (3.19), a charactariatic velocity could be given by 

(1^2) 

and thus the required similarity condition would be 

(3,23) 
o 

! I 'I1 |j, 1 I ' M : f) I i !| ,, l|| I J U |yL|y i il I I ^ 

At incipient cavitation, pm ■ p^^. If the critical preasura is equal to the 

vapor pressure, the similarity condition (3.23) ia satisfied identically. To 

carry the similarity condition one step further, equation (3.21) is substituted 

into (3.23) and noting that p* - pcr - p^ the requirement for dynamically similar 
cavitation inception reduces to 

(3*24) 
o 

Equation (3.24) represents a Weber number criterion in which the length permter 

is given by the s.^q of rtther than by a characteristic length of the 

body. This difficulty has probably plagued investigators for many years. 

The influence of gas content is also an important feature. This presents 

a two-fold problem: first, the effects are not readily determined and secondly, 

an effective method of dietinguiehing between dissolved end undlssolved gee con¬ 

tent is not nt hand. The scaling parametsr citad abova was derived by assuming 

a gas contsnt Isss thsn ssairation. If saturation la ranchad, tha gaa pressure 



ln • bubbi« la glvan by Hanry'a law: 

0*25) 

whara a la u» gau contant, ppm 

ß la Hanry'a constant, pal/ppm 

Static equilibrium oi the bubble la then given by 

(3,2b) 

In this case, the critical radius is not defined. The critical pressura la defined 

as the point where the internal gaa pressure reaches the saturation value. As in¬ 

dicated by equation (3.26), the critical pressure will be greater than the vapor 

pressure for R > jS. . Such a situation is typical of gaseous cavitation. The 

characteristic velocity can no longer by defined by equation (3.22) since substi¬ 

tution of Henry's law into th* Rayleigh equation would give Vc - 0 for large R. 

This Is not an unexpected result since the characteristic velocity would be a 

function of a gaseous diffusion process rather than of the dynamics of the procesa. 

Following Holl (1960), it is easy to see that an apparent scale effect with velo¬ 

city can result with a saturated liquid. Assuming gaa content to be the only scale 

effect, and neglecting surface tension, the critical preasure is given by <p «*■ <*g). 

If cavitation occurs when p^ - aö + p^, the corrected acaling parameter íüuld be 

0.27) 

and by analogy with equation (3.6) the incipient, cavitation law would be 



However, If che standard definition of the' cavitation index 1« used, the Incipient 

condition la given by the relation: * 

rirft i\l < 

where the ten# - representa a scale effect. On the ot'1er hand, lor un fer- 
p(Uj/2) 

saturated liquids, the critical pressure is laps than the vapor ~ « 

scale effect with velocity would be given by 

D m V1 
C . 12E_l£E 
pmin u2 0.30) 

where p < p rcr vp 

In both cases 0 approaches - Cpnln for high velocity but for low velocities, 

high gas content implies oi >~Cpinin and low gas content implies 0^ Both 

trends have been reported in the literature for different cases. 

3.5.3 Turbulence Effects • ^ 1 

The primary effect of turbulence on cavitation is the existence of e fluctua¬ 

ting component of pressure in the flow field. The predominant factor for inception 

is no longer the minimum value of the mean static pressure, ut rather the magnitude 

of the negative peaks of the turbulent pressure fluctuations. A general analytical 

solution to this problem Is evidently not feasible. However, it is useful in this 
ä| HJ’ T* 'Ir I 

connection to review the general formulation of flow conditions in s turbulent, 

two-dimensional boundary layar. 

The aquations of motion and continuity for an incompresaibis fluid in tensor , 

notation are given by 



Ettti instantané ou* component of velocity and pressor« la assuned to ba ««»posed; 

of a naan component (independent of tine) and a fluctuating conponent: 

u. •• u. + u! 1 1 ui 

p - p + P» 

Substitution Into the equations of notion and continuity résulta lui 

9u' - + 1 it~ j. i\ »o 
+ (u. + ui) —\-. 1 itfl t P1) + v .11 

at J an 
J ax 

i 
(u, + u!) 

,2 '“1 “i^ 
J 

3uî 3Û 
+ * o axj axj 

The tcaporal naan of the continuity aquation (3.35) is given by 

. L " 1,11,1 
• 0 

(3.34) 

(3.35) 

3li 
J 

It follows that 

(3.36) 

iff HI I ¡Í 

au* 

a-* *• o 
J 

tlft 11 ill! 

By multiplying equation (3.37) by u|, adding the result to equations (3.34) «Ad 

taking the naan, the familiar Reynolds equations result (for steady mean-flow): 



àu. 

“J ’ p ^ + ^N|P|j¡¡| 

ÍU 

Th. equations oiuotlon tor th. fluctuatlnt c»ponaota a» obt.U.d b. tci. 

tracting aquatloua (3.38) fro. aquations (3.34) 

+ >r [(“,+ *>\ * - TO-i. . i iai + u Ûi u»u*,w , 
j ^ J J 1 ■*1 j p î*. w3*r /il 

The mean flow «quation* nay be conaidarably ainplifiad by appiyiwg.rh« uauaX 

boundary layar conaidarationa (cf Schlicbting [19601): 

■ ! .. ... 

^ .nx (3.40) 

ly + P Hy~ * 0 

3x + 3y 0 

ul.««l„ th. tanaor notation hu baan nroppad. Equation (3.41) ma, b. Intagrattd 
directly, raaulting in the relation: 

P + Pv77 ■ conatant 
(3.43) 

tfcu. th. «an atatlc pr.a.ur« 1, . ulnl.u. »hat. th. »aloclt, fluctuation, nor»! 
to the Wall ara a maximum. 

4» expression (or th. fluctuating c«ponant o( th. atatlc praasur. », h. 

obtained b, operating on aquation. (3.39) b, ¡1/^ and adding th. r„ultla, .qua- 

tion together with the continuity reUtlonahip to obtain 

£e_ 
ixf [c, 4 uj,u; ♦ .jit - 3 (3.44) 

iiliilHii: 



Kr**« (1936ft) alapllflftd ft,u.el0B (,.44) f„ tound.ry t 

to th« form 

lr§~ * - 2p 
3*j 3y 9x ü.¥m> 

Thi. equation 1« d«riv.d by aasuming that v - w - 0, G ia a function of y only 

and u'/u « 1. Kraichen (1956a) juatified hie aimpUficationa by an ordar of 

magnitud« «naly.i. uaing Uuf.r'a (1951) data for a two-di-natonal channel. 

In thi. caa« the M.umption. v - G • 0 at* identically aati.fi«d. Mo proof 

waa offered aa to whether the aame aa.uaçtion. hold in a developing boundary 

layer. WiUmar to and Wooldridge (1963) however demonatroted that the «impliftcation, 

are juatified in a boundary layer for wgll pr«««ure. Equation (3.4Aa) ImpUea 

a predominant interaction between the turbulence and the mean ahear. Thia has 

further implications for the problem of di.tributed roughneaa, aince only a 

knowledge of the dependence of wall shear on the roughneaa prop.rtie. would be 

required to determine the intensity of presaure fluctuation«. 

3*5’4* Effects and a Proposed Boundary ^aYer Cavltat 

».) As mentioned previously, the roughness problem may be dealt with in 

two categories, one of isolated irregularities and the other of distributed 

roughness. Cavitation inception due to an isolated irregularity on a parent 

body in primarily a local effect. Holl (1959) has demonstrated that this 

Problem may be solved if the following information la known: 

1. The smooth wall boundary layer thickness and the shape factor 

in the vicinity of the roughness. 

2. The pressure distribution on the parent body. 

3. The roughness height and the incipient cavitation index for the 

roughness alone (i.e., an Individual roughness irregularity on a 
flat plate). 

* mlnlnum pr...ur. co.fflcl.nt m., b. d.fln.<l for tb. p.r.nt body „1th . 
small roughneaa irregularity as: 

P„d_D r p 
“J « pmlnR 

P J2. (3.45) 
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c . LZla. + faisi 
pinina 02 

wh*r« pi# the local pre*#ure outside of the boundsTy layer 

1’ la the local velocity at th# edge of the boundary layer 4 
ru 

Assunlng that the snail Irregularity does not effect the large scale notion about 

the body, the local pressure coefficient for a smooth body without the Irregularly 
la given by ' 

p - p 

P % 

thus, elfo (see equation 3.3)s 

Ilf- 

■ is' 

r,J I. .,1' i'; 

if ' ;i| i|¡l!l|é||ft¡!lí|, '1 |¡!j ||!Í /¡'f 

1(5 . ' í ((»i , i ■*' % í*fi;|¡j 

1 * c 
p 

if;; ¡yII üuIiHm i;|| 

dllf lj [ï 
(3.48) 

Defining the cavitation Inde* for the isolated roughness on a flat plats as 
’ 1 tfi1 ' 

P - P, 

°iR ■F 
.'.E. » k 

1 11 

and assunlng cavitation inception to occur when p^ - pmlnR, the cavitation Index 

for the body, defined in the standard maimer Is 

01 • - C„ + 0iR(1 - C.» (3,49) 



wh«r« C la tha valúa of fcha presaura coafflclact at tha location of tha rougb- 
P 

naaa protruaion. If tha laolatad Irregularity la located In a hl^h ivaahura 

region, near a atagnatlon point, fbr exemple, tha Inception Indax dbfined by 

(3.49) might atill be lower than the absolute value of tha minimus praaaure 

coefficient. In this case equation 3.6 would still apply (neglecting other 

scale affects): 

(3.6) 

The most unfavorable condition exlata when the isolated irregularity la located 
, • 

on the body at the minimum preaeure point. Then, the ratio between the Incep¬ 

tion indicée for the body with and without the Irregularity la given by 

l + o 
(1 + o.) 

1R (3.50) 

where o^ la tha cavitation Index without the roughness. The percentage increase 

in the cavitation index due to an isolated triangular projection located at the 

minimum pressure point on a hydrofoil was computed by Roll (1959) for the case 

where • 0,5 and using his experimental value for o1R obtained on a flat plate 

with the boundary layer thickness 0,048 inches at the point ip question. Tha 

results are shown in Table 3.1. ' 

0.001 

0.002 

0.004 

0.008 

M-iLld. 
Typical Increase in Cavltation^lndex 

d-Ui. to an Ipolsted Irregularity for 6 - 0.048 inches 

0.34 i.o: 

0.45 ? 1.11 

0.67 1,5( 

0.90 I ¡ 1.8! 

0,021 

0.042 

0,083 

0.167 
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where o la the inception for the roughneee in e free etrean 

(i.e. k/6 ■ *) 

ük is the local velocity at the tip rf the roughness 

b) For a surface having a distributed roughness, the proble» Is wore «#»- 

plex. The boundary layer parameters are directly related to the wall roughness 

and cannot be estimated by neglecting its influence as is done for an isolated 

irregularity. In additiun, each protuberance la directly influenced by the 

presence of adjacent irregularities, making it impossible to use any data for 

inception obtained for an isolated projection. However, for cloealy spaced 

roughness, the nature of the turbulent fluctuations, and the resulting temporal 

variations in ctatic pressure are probably quite independent of the particular 

protuberance snape at distances from the wall of one or two roughness heights. 

Further, it may be assumed that the turbulence intensities aro directly related 

to the well sheer: 

(3,52) 

It is also assumed that the pressure fluctuations, p', and the velocity fluctua¬ 

tions, u*, are related: 

(3.53) 



(3.54) 
^wall Pmin F7 

Combining equations (3.52), (3.53), and (3.54) and normaliting with respect to 
lj2 

the free stream dynamic pressure,py results in the relation 

Pwall ~ ?min 

U2 
- 2C, ni C2Cf 

(3.55) 

where Cf is the local skin friction coefficient, Tq/Pj 

Defining a local incipient cavitation index to be 

U2 

il 

pwall Pvp 
(3.56) 

and assuming cavitation when pmin - pvp the following significant general law la 

obtained 

°11 ■ C2C£ 0-5') 

This law applies for snooth or rough boundaries. 

If the wall roughness does not severely change the overall mean pressure 

distribution, a cavitation inception law for bodies with distributed roughness 

may be derived by analogy to the law for an isolated irregularity: 

°i “ ‘Cp + C2Cf(1 ‘ V (3,58) 

It should be noted that in equation (3.58) both Cp and C^ are functions of posi¬ 

tion on the body. Thus, a trial and error solution is required for the minimum 

value of oi along the boundaries of the boJv. However, a simplification of 

equation (3.58) is possible if the inception point on the body is located where 

the mean local pressure is a minimum. Cavitation inception is then given by 

the relation: 



°i " °i + c2cf(1 + °i) 

and tha ratio between inception indices for a roughened and a smooth body may 

be stated as: 

(1+5) 
--1 + c2cf- 

°i 

The determination of the constant is one of the objectives of this study. 

The analysis of previous turbulence data and order of magnitude considerations 

outlined under "turbulence effects" indicate that C2 should essentially be a 

universal constant. 

3■5 Review of Boundary Layer Theory 

A method fo; correlating the experimental results for the determination of 

skin friction over a wide range of cases has been suggested by Clauser (1954). 

This method is pertinent to this investigation and is presented nere because of 

its use in this study. 

In the region close to the wall, two velocity distribution laws are known 

to apply 

(3.61) 

(3.62) 

where is the displacement from the smooth wall law 

is the displacement from the velocity defect law for tero 

pressure gradient 

: !M' f'|t| p 



5* is the displacement thickness 

y is the distance from the wall 

is the shear velocity, A /p 

f! :lU iiiir' 

\4më «il!1 

A^/u* ifl lnd»i’endent of pressure gradient, whereas Aÿu* is independent of rough- 
ness. These quantities may be stated as: 

5-.,(=9 (3.63) 

(3.64) 

where H is the shape factor defined as the ratio between displacement and momentum 
thickness. By defining the parameters 

F1 - 105,6u* 

Au. 

f2 - 105*6u* 

(3.65) 

(3.66) 

«nd substraeting equation 3.62 and 3.61, a universal skin friction law results: 

! ’/î •5-6108 ^ IR. + 4.5 (3.67) 

where IR. - Uó^/v. For a smooth flat plate equation 3.67 reduces to 

Ä - 5.6 log IR. + 4.5 
(3.68) 

Furth« consideration 1. given to this lew In the dl.cu.sion of th. .rp.rlnent.l 
results. 



HL-—experimental Equmgsi amb hocedums 

4.1 Introduction 

Essentially four types of experiments were run during this research program; 

mean velocity profiles, turbulence intensity, visual observation of cavitation 

inception and high-speec photography of cavitation. Each phase of the experimental 

re-’arch was dependent on the other, the final goal being the correlation of the 

observed environmental parameters and the cavitation process with available theory. 

4.2 General Description of Water Tunnel 

The water tunnel used in this facility is shown schematically in Figure 4.1, 

The overall configuration is similar in design to other modern water tunnels being 

of the closed loop, closed Jet type. Water is circulated through the facility oy 

a pump (p), driven by a 7 1/2 horsepower DC motor (j). The use of a DC motor al¬ 

lowed variation of velocity by simply changing the speed of the motor Turning 

vanes (a) are used to guide the flow into a stilling section (b). At this point 

an air-tight dome (c) is located; the pressure level above the free surface in this 

dome may be adjusted from 2.5 feet of water absolute to approximately 100 feet 

absolute. Downstream of the stilling section the flo'.; passes through a chamber (a) 

filled with a honeycomb which acts as a flow straightener and turbulence attenuator. 

Following the honeycomb is a transition from round to rectangular cross-section (e), 

A two-dimensional nozzle (f) accelerates the flow into the teat section (g). The 

test section consists of a rigid brass frame to which are attached removable, trans¬ 

parent side walls, a roof and a bottom plate. Overall dimensions of the test sec¬ 

tion are 1 1/2 inches high, 6 Inches wide and 30 inches long. After the test sec¬ 

tion there is a parabolic transition (h) from the parallel walls of the test section 

to the divergent walls of the diffuser (i). After the diffuser, the flow returns 

to the pump as shown in the figure. Provision is made for continuous by-pass fil¬ 

tering of the flow at (k) and for constant temperature operation by continuously 

by-passing a portion of the flow through a heat exchanger (o). Cooling water for 

this heat exchanger comes from a large reservoir located in the basement of the 

M.I.T. Hydrodynamics Laboratory, which acts as a large heat sink for the water 

tunnel. A vacuum pump is used to evacuate a surge tank (m). This tank serves 

as a source of vacuum for the control of the pressure level in the tunnel. For 

pressures above atmospheric the compressed air supply in the laboratory is utilized. 





Figure A.2: View of Upper Portion of Tunnel 

Figure A.3: View of Lower Portion of Tunnel 
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Both the pressure piping and vacuum piping are connected to a special pressure 

regulator (a Cartesian Manostat #8, manufactured by the Manostat Corporation, 

N.Y.)> By suitable valving, the same instrument is used for precise control of 

both vacuum and pressure. Except for modifications and improvements in the pump¬ 

ing system, flow straightener, test section, pressure control, filtering and cool¬ 

ing systems this facility is tne same as that used by Daily and Johnson (1955), 

Benson (1958), and Dally, et. al., (1959). 

4.3 Test Section Details 

An overall view of the test section itself is shown in Figure 4.4* The im¬ 

portant features are the bottom profile and various roofs used in this study. As 

shown in Figure 4.15, the bottom consists of an elliptical lip, a sloping section 

and an s-shaped transition to the horizontal. This design was selected to allow 

for boundary layer growth and to Insure cavitation Inception in the boundary layer 

adjacent to the roof. Altogether, six different roofs were used in this study, 

one smooth and five roughened roofs. Each roof had piezometer taps at seven sta¬ 

tions along the plate. Except for the smooth plate, there are two piezometer holes 

at each station. The holes are 1/64 inch in diameter and are located two inches 

apart, straddling the centerline of the tunnel. Provision is made for blocking 

off piezometer taps with brass plugs when not in use. Each roof is roughened over 

a length of 22 inches with triangular grooves transverse to the flow. Nominal depth 

of the grooves is 0,100, 0.050, 0.025, end 0.0125 inches respectively. For geometric 

similarity, the peak to peak distance between grooves in each roof is equal to twice 

the roughness height. The first roof made for this study had triangular roughness 

protrusions 0.100 inch high. Cavitation occurred upstream at the first roughness 

element due to local acceleration of the fluid. Since it was desired to have cavi¬ 

tation inception downstream in the thickest portion of the boundary layer, all addi¬ 

tional roots were made with grooves which were identical to the protrusions. The 

peaks are flush with a smooth entrance section ard allow a cavitatioi free transi¬ 

tion from the smooth to the roughened portion of the roof. 

Piezometer taps in the roughened portion are located on islands having a smooth 

surface level with the peaks of the roughness. The islands are 7/8 inch lotg by 1/4 

inch wide. Details of the roofs and piezometer taps sre shown in Figure 4.6. Table 4.1 

lists the location of piezometer taps relative to the intersection between the test 
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Figure 4.4: Photograph of Test Section 

Figure 4.5: Photograph of Rough Roofs 
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section and the nozzle. Also given is «■‘'O range of relative roughness in terms 

of the ratio of distance, x, and the nominal roughness height, k. 

Station 

1 

2 

3 

A 

5 

6 

7 

Location of Piezometer Tapa 

X Relative Distance from Nozzle, x/k 

(in) Roof # (1) (2) (3) (A) (5) 

2.5 Smooth Wall 

5.0 

11.4 

15.8 

20.1 

22.45 

27.30 

50 50 

114 114 

158 158 

201 201 

224.5 224.5 

100 200 

228 456 

316 632 

402 804 

449 898 

Smooth Wall 

400 

912 

1264 

1608 

1796 

The smooth roof used in the preliminary phases of this study was identical 

in overall dimensions and had additional piezometer taps located along the center- 

line. 

Corresponding to each piezometer station in the roof there is a 0.120 

inch hole in the bottom. The holes are located along the centerline and at 

each station are located 1/2 inth further downstream than the piezometer taps. 

Instrumentation for mean velocity and turbulence measurements are inserted through 

these holes. Sealing is accomplished with o-rings. The 1/2 inch offset allowed 

the tip of the velocity probe to be in line with the piezometer holes. 

4.4 Mean Velocity Measurement 

Mean velocity measurements were made primarily with a total head tube fab¬ 

ricated from 0.02? inch O.D. hypodermic tubing. This device was Inserted inte 

the test section through one of the holes in the bottom of the test section. A 

micrometer traversing device (Figure 4.7) was used for moving the tube in and out 

of the roof boundary layer. Distance from the roof was read directly to 0.001 inch 

The lead from the total head tube was connected to one leg of a well type differ¬ 

ential manometer, and the leads from two adj :ont static taps in the roof were 

connected to the other leg of the manometer. The reading on the manometer was 
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then proportional to the local velocity head, except for *inor variations in man 

static pressure through the bourdary layer. Mercury «as used as the manomter fluid 

for nearly all phases of the test program, with the exception of a fjw low speed 

boundary layer traverses which were made using Mariam D-9325 Manometer Fluid. The 

probe was calibrated in a small free jet wind tunnel which was fabricated lor the 

purpose. Details of the tunnel are given in the Appendix. At the same time, an 

0.035 inch O.D. pitot static probe described by Daily, at. al., (1959), and two 

larger total head probes used for turbulence measurements were calibrated. 

The results are tabulated in Table 4.2. The calibration coefficient ia defined as 

I"* mm .3^»nm»' 

P 

where ip 1. the pre.eure difference eeMed b, the tub. end p0¿/2 1. the wind tunnel 

dynamic preeeure. The probe Reynold, number listed In the tabU Is bened on either 

the tube diameter or the tip thlckn... In the cnee of thn fl.ttened probe. 

^able 4,2 

«j.HnmarY of Probe CalibrstjpM 

Probe Type 

.022 Total Head 

.035 Pitot Static 

.120 Total Head 

.120 with .035 Flat Tip 

C 
—P- 

1.000 

1.040 

1.000 

0.995 

Reynolds Humber Pangs 

8.4X103 - 3.6X10- 

1.3X104 - 5.7X10*4 

4.6X104 - 1.0X105 

1.3X104 - 5.7X104 

Corrections were made for temperature, well effect end displacement of 

effective center. An ordinary thermometer was used to maaaure the temperature 

of the tunnel water. Temperature corrections for density were then made assum¬ 

ing the manometer fluid to be at the same temperatura aa the teat fluid. Cor¬ 

rections for proximity of the well were made using the correction curve published 

by Daily, at. el.; (1959) this curve is compered to that of MacMillan (1957) 

in Figure 4.8. The correction shown is e positive correction to the measured 

mean velocity, Ü. Correction for the shifting of effective center for rgugd 



probea was made by adding 15% of the tube diameter to the actual distance 

from the vail. This correction le based on the measurements o” MacMillan 

(1957). No correction for effective center vas made for the flattened probe 

since comparison with round pitot tube data ludicsted that none was necessary. 

Pittance From Wall (Tube Diameters) 

Figure 4.8 Wall Correction Curves 

In addition, no corrections were made for turbulence in this study. An 

estimate of the error introduced by this was given by Ippen, et. al., (1955), 
as 

^77 
(4.1) 

where Ap is the probe reading 

Û is local mean velocity 

u77 is the mean square value of the local longitudinal velocity 
fluctuations. 



When the root mean square value of the turbulence le lese then 10X of the Men 

velocity, the correction la leas than 1/2X. 

Before each run, water was circulated through the tunnel for et least two 

hours. This allowed the motor to come to operating temperature end also for the 
♦ 

water temperature to stabilise. Water temperstur« was read before and after s 

run. The flow rate, which was Indicated by the pressure drop acroes the nossie, 

was read at frequent intervals during a run. The maximum variation In flow rate 

during a run was 1/3%. 

Shear stress at the wall for each run was Indicated either by the Preston 

tube technique for smooth wills or by a special technique In the case of rough 

walls. The Preston technique proved Inadequate for rough walls becauaa of the 

sensitivity of the probe location relative to the datum. The calibration used 

for determining smooth wall shear with the total head tube Is that given by 

Preston (1954): 

where t is the wall shear o 
bp is the. difference between the total pressure sensed by 

the tube and the static pressure 

d Is the diameter of the tube 
p is mass density of the fluid 

V Is the kinematic viscosity 

A flattened tube, used In the preliminary turbulence studies was aleo 

calibrated In the tunnel, using the 0.022 inch probe as a standard. The results 

indicate that the tube has a calibration curve that Is the ssm as that for a 

round tube except for the constant. A complete discussion of the Preston tube 
is given In the Appendix. 

Shear stress for the rough well was obtained by plotting the velocity data 
in the form 



Fdog y/k) 

wher® û Is th® local mean velocity ! ! 

U is the free stream velocity 

k Is the actual roughness height 

y is the distance from the wall 

(4.3) 

jiûiijto i If 141) 

The datum for y was located half way between the bottom and the peek of the 

roughness. Preliminary analysis of the data indicated that this location of 
r'i ' * 

the datum gave the best agreement between shear stress measured from the velocity 

data and the Karman momentum integral technique. The shear streas la given by 

the slope of a best fit straight line through the data closest to the wall accord¬ 

ing to the formula: 

where Cj is skin friction coefficient 

S is the slope of the line 

Tills equation, derived in the Appendix, Is valid only for fully rough flows All 

rough data fitted Into this category which was confirmed by the fact that velocity 

profiles obtained over high and low velocities at a particular station were 

identical. 
% 

All data were reduced using the IBM 360 computer in the MIT Civil Engineer¬ 

ing Systems Laboratory. Input to the computer was the velocity head in inches 

of manometer fluid and the micrometer dial reading in inches. Additional informa¬ 

tion concerning the kinematic viscosity, manometer fluid used, total head tube 

diameter, run number etc. was- punched on the first two data cards. When necessary, 
<•* ' 14' : • 1 ' *4il -M i ‘ 1 ' i 

the actual roughness height was part of the input. Actual roughness height was 

determined by making a casting of the grooves with a rubbery material similar 

to the .casting cement used by dentists. The roughness height was read from the 

casting using a Kodak contour projector at X10 magnification. 



Because of the different method of determining akin friction « the roughened 

surface, a preliminary reduction of the data in the computer vus required. The 

local velocity in feet per second was determined from the equation 

Ü - c4~ L (4.5) 

where C is a constant determined by the manometer fluid and temperature 

of flow 

h is the manometer reading in inches 

The distance from the wall was computed from 

y - yTav + 0.65d + C.50k 

where yraw is equal to tero when the probe is resting on the top of the toughness. 

Local velocity was normalized with respect to maximum velocity and distance was 

normalized with respect to the roughness height. Skin friction was determined from 

the slope of the data plotted as ~ versus log y/k. The value of skin friction so 

obtained served as input for the final data reduction. A typical example is shown 

in Figure 4.9 

Figure 4.9s Example of Graphical Technique for Determining Rough 
Wall Shear Stress 



In che case of the smooth roof the Preston equation was built into the 

computer program, and the pressure reading given by tU total head tube resting 

against the roof was converted directly to shear stress. 
' * » i • . « * •« . , j , .J, f : ; I . 1 , f. .i,, . • 1 i! I I 

Pinal output was given in the form of temporal mean velocity normalized 

with reject to free stream velocity and shear velocity, velocity defect nor¬ 

malized with reapecv Co shear velocity and wall distance normalized with re¬ 

spect to four characteristic lengths: ^ , roughness height, boundary layer 

thickness (defined as the distance from the wall to where the local velocity 
; 4 ' ' , 1 .«•: , ; . '1 * , , , ,r, ,, Ji:i "i! p'hf .|j ■: f 

Is 99X of the free stream value) and a thickness parameter defined by 

where 

‘ - - ». u. * 

«: r 

U - free stream velocity 
■ il'W ■ 

u# , "shear velocity" 

6* - displacement thickness 

(4.6) 

i ¡'"i * ; 

• * , * - * •* r * ■ r 
Other output was the boundary layer thickness, shape factor, momentum thlcknees, 

displacement thickness and various Reynolds numbers based on momentum thickness, 

boundary layer thickness and roughness height. The original data were also given 

as output for checking purposes. 

*-5 Measurement of Turbulence Intensity 

Longitudinal fluctuations in velocity were measured through the boundary 

layer adjacent to both smooth and rough surfaces. The turbulence Intensity was 

obtained from the measurement of fluctuating total pressure sensed by a total head 

tube coupled to a preseure transducer. This instrument package was compatible with 

the same micrometer traversing device used for the mean velocity measurements. 

Selection of this type of instrument was based on the desire to use commercially 

available components and to have a method of measuring turbulence in liquida that 

is relatively troublé-free. The technique was originally established by Ippen, 

et. al., (1955) and Perkfná and Eagleaon (1959). Strasberg (1963) usad an Improved 

version for measurements in air. 

The Instrument used in this study is shown in Figure 4.10. It consists of 

a total head tube, 0.120 I ich in diameter, coupled to a Consolidated Electrodynaadcs 



Corporation 4-312-0001 pressure transducer. This transducer Is of the flush 

mounted» variable resistance type. Application of pressure mults in tie define- 

tion of a diaphragm which is sensed by unbonded strain gage windings connected 

in a four-arm bridge. Because of the flush mount, an adapter is required to con¬ 

nect the total head tube to the transducer. The transducer is coupled to a 

Sanborn Model 296, a basic thermal recorder. A plug-in carrier preamplifier, 

Model 350-1100B was used to excite the transducer and amplify the output signal. 

The transducer signal is fed both to the writing pen of the Sanborn and to an 

output jack. 

A Ballantine Model 300 root mean square voltmeter is connected to the output 

jack for the determination of the root mean square value of the output signal.. 

The output is also fed to a frequency analyser for the determination of the 

spectral distribution of energy in the signal. A Technical Products Company 

Model 625 is used for this purpose. Included in the system is a TP 627 constant 

bandwidth analyzer, a Type 626 variable frequency oscillator, a Type 645 multi¬ 

plier, and a Moseley Model 135 Recorder. A 2-cycle bandwidth filter was selected 

for use in this system. Moody gives a complete discussion of the theory and 

practice of this equipment in several Technical Products Company publications. 

Static calibration of the transducer was achieved with the assembled instru¬ 

ment mounted in place in the tunnel test section. The static pressure level was 

varied with a pressure regulator described previously. The electrical output from 

the transducer was displayed as a trace on the Sanborn recorder. Static pressure 

was read on a manometer. The calibration was then obtained as am of mercury versus 

mm of deflection of the Sanborn recorder. This curve is shown in Figure 4.11. At , 

the same time, the signal voltage corresponding tc a millimeter of paper was deter¬ 

mined. This was necessary for converting root mean square values in millivolts 

to mm of mercury. 

TVo total head tubes were used in this study having the same external dimen¬ 

sions and differing only by the fact that the tip of one tube was flattened to 

0.035 inches to allow for measurements closer to the wall. This particular tube 

was discarded in later work because the measured mean velocity profile did not 

agree with that obtained with the 0.022 inch round total head tube. However, 

the tube has been calibrated as a Preston tube and the calibration is presented in 

the Appendix. 



An additional feature of this instrumentation is the method of obtain^pg 

a relatively flat response curve. One of the major draw-backs to chis instrument 

is the relatively low frequency response. A resonance peak Occurs it the nàtètrlf^ 

frequency which distorts the o itput Signal. Generally speaking, the root mean 

square value of the indicated urbulence intensity is higher than reality because 

of resonance. One way of copii^ with the problem is the method used by Daily and 

Hardison (1964). The spectral distribution of energy is obtained and plotted as 

energy per cycle per sec versus frequency. Instrumenr. resonance is Indicated by a 

peak in the spectrum at the resonant frequency. The area m.der this peak relative 

to the total area under the spectrum is the amount of diatortion in the signal. In 

practice this correction can amount to more than 501 of the signal, resulting in 

large errors in the corrected reading. An instrument with a relatively flat re¬ 

sponse over a useful frequency range is the ideal solution. In this study a flat 

response curve was achieved by damping the probe by the insertion of horsehair in 

the total head tube. Theoretically the optimum amount of damping would be 70.71 of 

critical and the response of the instrument would be given by 

(4.7) 

where p is the pressure at the diaphragm 

Po is the external pressure 

f Is the fluctuation frequency 

fQ is the natural frequency 

The natural frequency and the amount of damping were determined by balloon 1 

testa. The assembled instrument was carefully filled with deaerated water con¬ 

taining a smell quantity of Kodak Photo-Flow solution and the tip of the total 

head tube was inserted into a rubber stopper which was fitted into the neck of 

an ordinary toy balloon. The balloon was inflated with air and punctured. The 

electrical signal resulting from this atap decrease in pressure was displayed aa 

a trace on the screen of an oscilloscope. The tract was photographed by a Polaroid 



camera with an adapter for uae <n an oecilloscope 

The instrument was tested initially without damping to obt lin the value of 

the natural frequency fo. Increasing amounts of horsehair were then inserted into 

the tube until the oscilloscope trace indicated the damping to be correct. Fig¬ 

ure 4.12 illustrates typical traces obtained before and after damping, both the 

round and flat tip probes were calibrated in this manner. The values of natural 

frequency obtained were always considerably higher for the flat tip probe than 

for the round tip. This is believed to be a function of the air-water interface 

at the tube tip, the flattened tube having an end condition closer to ideal. 

Results from these tests compare favorably with the theory, given by 

(4.8) 
1.09 fd3/2 f 

(V o 

f is the natural frequency in air of the transducer in cps 
d where 

pd is the mass density of the diaphram matarial 

p is the mass density of the test fluid (water in this case) 

A1/L1 is ratio of cross sectional area to length of the total head tube 

Ey is Young's modulus for the transducer diaphragm 

A derivation of this equation is given in the Appendix. 

Quite a bit of developement work was required to obtain the present value 

of 325 cps for the natural frequency of the instrument. The trouble lay with the 

overly optimistic values of transducer natural frequency quoted by the manufacturer. 

Three units were used having transduce s rated at 0-10 pel unidirectional, 0-15 psl 

unidirectional, and 0-15 pel bi-directional. The overall natural frequency of the 

first unit was 15 cps. The second unit had a value of 150 cps and the final unit 

rang out at 325 cps. With appropriate damping, this meant that unit #3 had a rela¬ 

tively flat response to 250 cps as shown in Figure 4.13. 

Some of the initial developmental work was made using measurements In an 

open channel flume. This environment was selected because She bulk of tb» tur¬ 

bulent energy lay below 80 cps. A comparison between the energy density spectre* 



Figure 4.10: Turbulence Probe 

Figure 4.11: Static Calibration 
Curve for Transducer 

Figure 4.12: Response of Turbulence 
Probe to a Step Function 
One Box ■ 0.005 Sec. Figure 4.13: Computed Response Curves 
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Figure 4.14: Typical Energy Density Spectra Measured with 
Turbulence Probe Damped and Undamped 

Figure 4.15: Typical Turbulence Signal (Probe #3) 



measured by unit #2 ir the undamped condition and the spectrum measured by the Im¬ 

proved version Is given In Figure 4.14. Note that the natural frequency of the un- 
|| j® ; noj:H|i|lílii lip' ' 

damped instrument is clearly indicated by a resonance peak. 

After final developmental work was completed, the unit was tested in the water 

tunnel. Initial tests were run to determine the vibration characteristics of the 

unit mounted in the test section. The root mean square and spectral density of the 
' j! ,, „ hlliP 

output was determined for the unit filled with water and mounted in the traversing 

device, but not connected to the total head tube. The signal was compared with the 

output of a phonograph needle mounted on the test section. Resonant peaks were 

observed in the output from both the transducer and the phonograph needle. The 

resonant frequency for the transducer was either Identical to the value or equal to 

one half the value of the resonant frequency in the signal from the phonograph 

needle. This resonance frequency varied with pump speed. In all cases the root 

mean square of the output due to vibration was less than IX of the free stream 

turbulence signal. Based on this result, no corrections were made for vibration In 

the turbulence data. 

The actual collection and reduction of data was similar to the procedure 

used for the mean velocity data. The same precautions were followed to Insure 

steady state operation of thé tunnel with regards to flow rate and temperature. 

The same corrections for wall effect and shear displacement effect described pre¬ 

viously were also applied to the turbulence data. Before each run an energy 

density spectrum of the signal from the probe was obtained. Inspection of this 

plot was made to determine if there were any problems with resonance or over¬ 

damping. At each position of the probe in the boundary layer the mean value of 

the probe signal was recorded as a trace on the Sanborn. This was obtained using 

the averaging circuit in the instrument. The root mean square value of the signal 

was read on the rms voltmeter. Since the probe sensed total head, it was also 

necessary to record the static pressure at the station in question for each data 

point. Variations in Static pressure vith time during a run rarely exceeded 1 mm 

of mercury. The probe position relative to the wall was read on the micrometer 

dial of the traversing device. 

Data reduction was carried out on the computer using a program similar to 

that used for mean velocity traverses. The basic input consisted of the mean 



value of total head in mm of deflection, root mean square values in millivolts, 

static pressure in vm of mercury and the micrometer dial reading in inchas. The 

static transducer calibration, roughness height, skin friction coefficient, vis¬ 

cosity, probe diameter, run number, etc. were punched on the first three cards. 

Mean velocity was computed from the square root of the difference between 

total pressure and static pressure. The root meen square of She electrical signal 

was converted to an equivalent pressurï head. The value of the turbulence inten¬ 

sity was then determined from the relation* 

where C is a calibration constant 

0 is the rms of the transducer signal in mllllvolta 

ü le the temporal mean local velocity in feet per second 

Both turbulence intensity and mean velocity parameters were computed for all 

runs. An estimate of the errors associated with this technique is given in the 

Appendix. 

4.6 Cavitation Incftption Determination 

Fundamental to this investigation is the determination of the incipient 

cavitation iudex under various conditl^r •. This particular paranatar is rather 

difficult to define and without certain "ground rules" there can be a large dis¬ 

crepancy in the date obtained by two different investigators. The technique used 

was to determine the so-called dessinent cavitation index cited by Eoll (1959). 

This is the value of the cavitation index obtained when cavitation is removed by 

raielna the static pressure and is generally higher than the value obtained for in¬ 

ception by gradually lowering the pressure until cavitation occurs. This discrep¬ 

ancy between incipient and dessinent cavitation is generally referred to aa cavita¬ 

tion hysteresis. 

Before the actual determination of cavitation inception certain calibration 

rune were performed. First the pressure gradient along the test section wee deter¬ 

mined over the range of flow rate used in this investigai ton. The pressure gradient 

is independent of velocity for the rough roofs, but varies with velocity for the 

smooth roof. However, the smooth roof presaute gradient was unsuitable for cavitntion 



Inception work anyway. Cavitation inception would always occur on the entrance lip 

of the teat section bottom with the aaooth roof installed. The results of the 

calibration are presented in Figure 4.16. The data la presented as a «treasure 

difference normalised with respect to the velocity head at the nossle, the refer¬ 

ence pressure being the value at x • 5 inches. Also determined was the free stream 

dynamic pressure for various flow rates Indicated by the pressure drop across the 

nossle. Figure 4.17 is the calibration curve for the 0.0125 inch roughness. The 

pressure gradient for this case la essentially flat and heice the local free stream 

dynamic pressure is the same at ench measuring station as shown. 

Cavitation Itself was detected visually. However some experiments were run 

using the output from a phonograph needle resting on the test section. Components 

of the signal due to vibration were filtered out and the filtered signal was displayed 

on an oscilloscope screen. When cavitation occurred there was a narked Increase in 

the output both in intensity and frequency. The technique worked beautifully for 

detecting inception on a small disk Inserted in the flow. However, because of the 

much lower pressures required to get boundary layer cavitation, the pump would start 

to cavitate in many instances before cavitation was observed In the test section. 

This pump cavitation would create noise in the same frequency range as the test 

section cavitation, hence masking the electronic signal. The technique was dis¬ 

carded after these preliminary experiments produced negative results. 

Preliminary to every cavitation run, the gas content of the tunnel water was 

reduced to approximately 0.3X by volume. This was accomplished by slowly circulating 

the water through the tunnel while applying a vacuum of approximately 28 inches of 

mercury at the stilling section. The local static pressure in the test section was 

very low, hence creating cavitation which extended into the diffuser. Approximately 

3 to 4 hours were required for the deaeration process. 

During the cavitation runs, all piesometer taps except at Station 2, x • 5 

inches, were blocked off with special brass plugs. Tha tunnel was allowed to come 

to steady state and the water température and gas content were recorded before and 

after each run. For each data point the pressure drop across the tunnel was read 

and tuen the static pressure was lowered until cavitation occurred. Tha location 

of tha inception point was noted and the praasure was raised until cavitation dis¬ 

appeared. The value of static pressure at Station 2 was read on an absolute manometer 
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which gives s direct reeding in on of mercury. Static pressure was raised and 

lowered six times for each data point and r statistical view point was used In 

defining the absence of cavitation. It was defined as the absence of bubbles 

and sound for a period of two seconds. Bubbles were noted in the grooves on tbs 

roof which persisted to very high values of static pressure. The presence of 

these bubbles was discarded in the determination of incipient cavitation. 

The data were reduced to an incipient cavitation index based on local wall 

pressure and free stream dynamic head. The local wall pressure was conmutad from 

the wall pressure at Station 2, the measured flow rate, and the previously deter* 

mined pressure gradient for non-cavitating flow. The free stream dynamic pressure 

was obtained from the calibration curve for the station in question. In all cases, 

cavitation was observed downstream from Station 2. This Insured a fairly reliable 

value for the static pressure. It is believed that the errors inherent in converting 

the wall pressure values at Station 2 to the local value at the point of incipient 

cavitation are lower than a direct measurement in a cavltating flow. This technique 

eliminated the problema of the piezometer tap influencing the cavitation inception 

by the introduction of nuclei and the problems inherent with gas in the lines lead¬ 

ing from the taps to the manometer. 

4.7 Determination and Control of Gas Content 

An investigation of cavitation iu a zone of established parallel flow requires 

that pressures near the vapor pressure exist throughout the main stream of the 

parallel flow. The : ne of minimum pressure is not restricted to a limited erea as 

for example the curvilinear flow about an Immersed body. To maintain truly dissolved 

gas in the test section very low values of gas content would be required to prevent 

gas coming out of solution upstream of the cavitation inception point. To standardise 

the influence of dissolved and undissolved gas content, the gas content was kept at 

a low value and carefully controlled. 

For measurement of gas content, a foil-shaped element was permanently Inserted 

along the centerline of the downstream end of the transition between the test section 
/ ' * 1 ■ ' ' ' . . i 11 • . . 

and the diffuser. A hole in the tip of the foil permits a continuous flow of weter 

past a modified Van Slyke apparatus. A known quantity of water can be drawn into 

this instrument and by repeatedly forcing the water through a restriction into an 



evacuated volume the dleaolved and undlssolved air ie removed frpm the sample. 

The gaa and vapor are compressed Into a known volume and Its pressure is Indicated 

on a manometer scale. At the same time the temperature of the water is noted. The 

percent gas content by volume is given by the formula 

V* - 
3.592 * P,. 

■, A 
(273 + T) 

(4.10) 

where 

V* Is the percent gas content at standard temperature and pressure 

P is the gas pressure, mm mercury 
O , t 1 ; *’ 'f ' 

T is the temperature in °C. 

McNulty (1962) gives a detailed explanation of the technique in using this instru¬ 

ment. A view of the apparatus used in this study is shown in Figure 4.18. 

4.8 High Speed Photographic Techniques 

The actual inception process was inspected with the use of high speed motion 

pictures. The technique is similar to that used by Daily and Johnson (1955). 

Silhouette photography, using an electronic flash as a light source, was the method 

used in this investigation. 

The camera employed was a General Radio Oscillograph Recorder, Type 651-AH 

equipped with either a 90 mm f/1.8 or 50 mm f/1.4 lens. The camera speed is con¬ 

trôliez! by regulating the supply voltage with a Varlac transformer. At the maximum 

supply voltage of 220 volts the camera reaches a film speed of 1,000 Inches per 

second. The number of pictures taken per second is determined by the frame sise and 

the camera speed. The frame site for this study was 1/4 inch. Allowing some spacing 

between frames, the distance travelled between frames Is 1/3 inch. With a film speed 

of 1,000 Inches per second this corresponds to a frequency of 1,000 ♦ 1/3 • 3,000 
\ * f - , % ' Vfe,« 

frames pet second. 

An Edgerton, Germeshausen and Grier Type 501 Stroboscope provided light flashes 

of approximately one microsecond (Figure 4.20). Three Intensities of light are 

available over a frequency range of 60 to 6,000 cps. The 3,000 cps frequency sel¬ 

ected for this study was controlled by a calibrated audio oscillator. Since a short 

time is required to accelerate the camera to the desired speed, a leader consisting 

of 40 feet of exposed film would be spliced to approximately 30 feat of unexposed 
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Figure 4.18: Gas Content Apparatus 

Figure 4.19: High Speed Camera 

Figure 4.20: Stroboscope 
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film. A tia» delay of 0.7 esconda vas set on the Sereboscopa to allow this leader 

to pas» by the lens before flashing the iighl: source, tunning tine was an additional 
0.8 seconds. 

The light source, consisting of* a standard quarts flash tube, was placed on 

one side of the test section and the cañera was focused through the opposite wall. 

Magnification varied fro« 1/2 to 3. The variation In uagnlflcatlon was acconpllshed 

by changing the lena to film plane distance with specially constructed lens tubes. 

To provide a reference to the roof In the photographs a threaded rod was in¬ 

serted through one of the holes in the floor of the teat section at the station of 

interest. The tip of the rod was allowed to rest on the roof. By photographing the 

rod, a frame of reference was given by the tip and the actual «agnlfIcation was known 

from the measured distance between threads in the photograph. There were 40 threads 

per inch on the rod, so that at a magnification of 2, for example, there would be 20 
threads per inch in the photograph. 

The procedure followed in each run was to allow the water to circulate through 

the tunnel for 2 hours. The desired wall pressure was adjusted after noting the flow 

rate. Temperature and gas content wart recorded at the same time. The camera was 

started by a button on the stroboscope, the proper delay time and shutting off of 
the camera was done by automatic timers in the «it. 

Data obtained from the film record were projected on a Urge piece of graph 

paper with a film strip projector. The actual distance In a projected photograph 

was obtained by projecting the previously obtained photograph of the threaded rod 

on the graph paper. The data obtained for each frame were the bubble diameter and 

its horiaontil and vertical coordinates. Bubbles which wore out of focus were not 

included in the observations. Since the bubbles had shapes which were quite often 

anything but apherical, the diameter was defined as the square root of the product 
of the mejor end minor diameter*. 

Because of the nerrow depth of field (0.03" et e magnification of 3), quits 

often bubbles would movt in and out of focus. A nlsUadlng valu« for «Us would be 

obtained from out-of-focus bubbles. Thus it was necessary to cooaldsr only sharply 
defined bubbles. 

Bubble distributions wars obtained by counting bubbles In horlsontal sections 

of the photographs. Ths photographs were selected at random to insura a good stat¬ 

istical sampling. The data for tha critical rsolus were obtained by examining 
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V, fwirnmm AND DISCUSSION OF »11« 

5.1 Scop« ef TMt F rot ran 

Table 5.1 1« a sunnary of the experimental work performed during this 

Investigation referred to by run numbers. Not Included it' the table are the 

various runs to determine tunnel pressure gradient and to calibrat« trana- 

ducers fínd velocity probes. The pertinent data are tabulated in the Appendix. 

Four types of runs were made; mean velocity profiles, turbulence, cavitatloft 

inception and photographic investigation of cavltatlng flow. 

5.2 Mean Velocity Data 

5.2.1 Law of the Wall 

Figure 5.1 is a summary of the smooth wall velocity data plotted in the 

form 

(5.1) 

where u is the temporal mean velocity 

u* is the shear velocity, AJq 

y is the distance from the wall 

V is the kinematic viscosity 

Near the wall, for the small values of (u*y/v), the data are represented by a 

straight line given by the equation: 

" u*y 
— • 5.6 log + 5.1 (5.2) 

This equation is as suggested by Clauser (1956) except for the constant, which 

Clauser gives as 4.9. Also shown is a power law equation given by 

1/7 

(5.3) 
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tyuâtion (5.3), M »hown in tb« Appniuli», U ekjulvalwt to tho oalibrntion oquä« 

tión presented by Preston (1954) for dstendning wall shear with #• pitot tubs. 

It is interesting to note that this equation, appears to fit the data in |Älpr 

sad over s greater portion of the boundary layer. Another point to »ake is that 

these measurements have been obtained in a relatively thin boundary layer (the 

maximum thickness was 0.3 inches). Deviation from the law of the vail is noted 

at relatively lov values of u^y/v, of the order 250 to 600. The velocity dis¬ 

tribution in thick boundary layers under s sero pressure gradient appears to obey 

the lav of the vail to much larger values of u^y/v. Por example, WillÉarth and 

Wooldridge (1962) report agreement vith the lav of the vail up to u^y/v - 6,000 

in a 5-inch-thick boundary laye.. This is not an unexpected result if one hypo¬ 

thesizes that the upper limit on agreement is given by same fraction of the 

boundary layer thickness, for example for y/6 - 0.15. For a flat plate, at rela¬ 

tively lov Reynolds numbers, a simple formula for the value of u*y/v at y/6 * 0.15 

may be derived using the familiar power lav expressions for skin friction end 

boundary layer growth: 

0.37 
m. 

i/s 
(5,4) 

»1/10 
(5,5) 

M 
V 

(5.6) 

vhere U is maximum velocity (constant for flow over * flat plate) 

X is distance from the leading edge 

6 is the boundary layer thickness 



By making the aubatltutIona : SI », t s 

!’■ I liJI TrSwiroi lm 
y - 0.15Ö 

u* 

U*-Tu m 

Into u*y/v, the upper Htd-t of the lav of the wall la obtained 

A further remark on Figure 5.1 ahould be made. Orlgiuclly the amooth wall 

velocity profilea were normalised uaing the Squire-Young equation 

- 5.89 log ^ + 3.58 (5 g) 

where 6 la the momentum thlckneaa. When the data were plotted they fell below 

the accepted law of the wall and no conaiatency between tuna could be found, lha 

flrat hypotheala waa that the roof waa not amooth. However» aaaumlng thla to be 

true, the act of velocity profiles obtained waa still not compatible. Finally,, 

the Preston tube technique waa uaed to determine akin friction which resulted In 

the consistent data shown in Figure 5.1. The reason for the differences la 

explained by the fact that the Squire-Young formula la baaed on flat plate experi¬ 

menta. The pressure gradients encountered in the present amooth wall studies 

ranged from nearly zero, where good agreement was found between the Preston tube 

and the Squire-Yourg formula, to mildly adverse where deviations as high as 9.4X 

were noted. The Squire-Young formula always predlctad higher values, which la 

in agreement with the fact that the measurements were made in an adverse pressure 

gradient. 

Several rough wall velocity profilea are shown in Figure 5.2. Depending 

on the value of u*k/v , where k la the mechanical roughness height, each curve 

■4 ; 
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Only ••lacead profil«« fro® «ach surface studied in this Investigation are shown 

in Figure 3.2; however, all rough wall velocity data are given in Figures 5.3 - 5.6, 

5.2.2 Velocity Defect Law 

ln Figur« 5.7 the velocity defect law for data obtained under sera or close 

to tero pressure gradient is anown. The length parameter is given by 

- I (5.1# 

where 6# is the displacement thickness. This parameter 1« more easily defined than 

the boundary layer thickness, 6. In addition, an analogy exists with the length, 

v/u*. which is known to have significance near the wall where viscosity is important 

Clauser (1956) has shewn' that in the outer 80 to 902 of the boundary layer the 

eddy viscosity, c, la given by the relation 

(5.11) 

where Cj is a conotant of proportionslity. Thus, the quantity A la given by . 

A • C, - 
1 u. <5.12) 

which is analogous to the viscous length, v/u#. The importont result to be noted 

in Figure 5.7 ia the excellent agreement between smooth wall and rougn wall data 

and the curve proposed by »ama (1954) 

For non-sero gradients, the velocity defect law is no longer universal as 

shown in Figure 5.8. Close to the wall there is a logarithmic portion which is 
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diftplaceti fra« th« s«r« gradient law by an «Mount Au2/u#. the ankiunt and diracH 

of this diaplaceaant la a function of tha pressura gradient, dm la show» 1» til« 

next section, t.<e deviation la greater for adverse gradients than for favorable 

preaeuve gradiente. Of laportanca here la the logarithudc portion of the profila 

near the vail which may be written In the fore 

u*y 
3.6 log jjg + 0.6 

Unfortunately, the functional relationship 

Au^ (t) 
is not known and is probably ill-defined since the previous development of the 

boundary layer would have to be known aleo In the general case. The only corre¬ 

lation that appears possible at the moment la 

<5.15) 

where H is the ratio of displacement thickness, to momentur thickness, 6. This 

correlation is shown in Figure 3.13 for smooth sod rougn dets. Hats for the three 

profilée examined by Clauser ere also shown In the figure. The agreement is good. 

Indicating that the profilée studied In this Investigation ere similar to the 

equilibrium profiles of Clauser. 

5-2.3 Wall Shear Det.enilnsU.qn 

Figures 5.9 through 5.11 sumswrlse the results obtained for tha variation 

of skin friction along the roughened surfaces used la thla study. The variation 

of Auj/u¿ as a function of uttk/v la plotted in Figure 5.9. A large semeint of 

scatter la evident, which appears to be due to errors in probe location relative 

to the datum. A smell error when normalized with respect to v/u# can sometimes 



b« significant, MpaclaUy for tha saallot rougtaass heights, fot «xsapla, «ftsr 

ths roof rottghsiMd with 0.0125" grocvas was fabricatad, it wr* samt out for lo- 

spcction. The Inspaction raport Indicated tba trus toughness height to ba C.OH 

at Stations 3, 4, and 5; vhsraas Station 6 vac reportad to hare a roughness height 

of 0.014". Using ths value 0.014", ths data for Station * fall well balo» the sand 

grain roughness curve in figure 5.9. «hen the velue 0.010" vas used, the results 

agreed with the values obtained at other positions along ths toughened surface. 

Baaed on this result, e careful deteruinatiou vea nade of the number of grooves 

per inch et this location and was found to be exactly 40 per inch, which corresponds 

to ths sptclfiedkof 0.0125". In fact, it waa found that for aach roof the nuafcer 

of grooves psr inch was exactly as speciflad, yst thers were variations of a few 

thousands of an inch in the depth of grooves. This night explain tha unexpectad 

trend of the data. Theoretically, the data were expected to follow e logarithmic 

law of the fora 

-1':¡ I; 

ÄU 

u 

uAk 
5.6 log — + C ¢5.16) 

This result is obtained from the law of the wall for fully rough flow 

- • 5.6 log y/U + B 
u* 

(5.17} 

wherain B is a constant determined by the type of roughness employed, and 

from the smooth law of tbs wall 

^ - 5.6 log —+ 5.1 (5.18) 

Subtracting aquation (5.17) from (5.18): 





Thu«, for a sand grain roughness the constant B - 8.3, and equation 5.19 reduces to 

5.6 log —» 3.2 (5.20) 

For comparison, this relation, and rhe results obtained by Haaa for wire screen 

and by Moore for transverse bars are plotted in Figure 5.9. The oata fron the 

present study are not parallel'to these curves as would be expected. It was deter¬ 

mined that fully rough flow existed for the smallest roughness by comparing re¬ 

sults obtained at high and low velocity. The skin friction coefficient and velocity 

profiles were found to be independent of velocity. The only explanation is that 

the effective roughness height was not directly related to the actual roughness 

height because of the minor variations in the relative spacing of the roughness. 

The equivalent sand grain roughness was determined for each data point from the 

relation 

(5/a) 

where B is the constant in equation 5.17. The results are presented in TaUe 5.2. 

There is a tendency for k/kg to approach 1.0 for small values of k and to approach 

1/3 for large values of k. Because the roughness is two-dimensional, each element 

should offer a greater resistance to the flow than a three-dimensional sand grain 

of the same height. Therefore, the results obtained with the larger roughness 

heights appear more reasonable. 

Using the equivalent sand grain height from Table 5.2, the varietion of 

akin friction coefficient in terms of relative distance along the roof x/k was 

determined and la plotted in Figure 5.10. In thia plot an average value of sand 

grain roughness la used for each roof. A, tabulation of the data la given in the 

Appendix. For comparison the Prandtl-Schlichting curve for sand roughened plates 

is also shown. Perfect agreement could not be expected since the results were 

obtained under varying degrees of favorable pressure gradient and the distance x 





i. not . definite qwntity. beta, defiaed ia thia cue « the di.tanc. fro. the 

not ale. The roughened portion of the roof «tarte at a * .1". Becawao of the 

boundary layer groeth, it «a. felt that the dietaaca fro. the not.l. would give 

better agreement than the dietance fro. the beginning of the roughneee. However* g| 
the data appear« to be coneietant, although perfect agreement with the fl«^ , 'ijj; 

plate law cannot be expected anyway. Skin friction values obtained fro. the vote* 

city profile method and the momentu. Integral nathod of Vonlarawn are In good 

agreement. The momentum integral technique ie baeed on toe relation 

fi 
2 

de 
ne i'Sfc'w« 

dx 
(5.22) 

where 6 ie the momentum thicknees 

la the displacement thickneea 

U ie the free strea. velocity 

In the case of the Q.1Q0" roughneee, good agreement between the two method« of 

determining akin friction could only be obtained for the early etagee of boundary 

layer growth. At etations farther downetr««., the boundary layer thickneee vS 

the roof was very large comparei to the height of the taet eection, poeeibljr 

merging with the smooth wall boundary layer developed from the bottom. The second 

tors- in equation 5.22 ia based on the aseumption of potential flow. If a potential 

core flow no longer exeats, thie ter. would have to us replaced with a pressure 

gradient tear, as for example in the case of pipe flow. The coneietency of the 

data ie beet illustrated using the method suggested by Clauser. Figure 5.10 

presents the skin friction data plotted in the for. 







The relation given by equation 3.67 í#rl!f' 

+ 4,5 

appears to fit the experinental results for «sooth and rough «Alls very well. 

Unfortunetely, this la« Is difficult to apply in practice, since velocity pro¬ 

files ere required to determine the ekln friction. For reference, the factor« Fj^ 

and F2 are plotted in Figures 5.12 and 5.13. is given es a function u*k#/v 

whereis the equivalent sand grain roughness. F2 is presented as a function of 

the shape parameter, (sze equation 5.15): 

(5.26) 

The data obtained by Clauser for three equilibrium profiles are aleo presented; 

the agreement between the two experimental investigations is quite acceptable. 

5.2.4 Boundary Laver Growth 

The variation of momentum thickness with distance along the roof is given 

in Figure 5.14 for each roughness height. In Figure 5.15 the same data are plotted 

versus the relative distance x/,ig. A reasonable approximation to a power law 

is noted. A simple argument for a power law variation is given by the following 

derivation. Neglecting pressure gredients, the Von Karmen momentum Integral 

relation la given by 

dx 2 (5,27) 

An approximation for the velocity profile ie given by a power law in the form 



■■ mlijçiii 

vVn 

A relation for ahaar atraaa nay ba given by 

To " C**? 

whara ¾ ^ * conatant 

ia tha velocity at tha peak of tha roughness 

Since by definition: 

and froa aquation 5.28: 

»00 - o (f)1/n 

it follows that 

t ’ m 

lift»« 

• 

1 ;l 

T-^Íí)“ 

Within the power law approxinatior tha ratio 8/d is a conatant defined by 

(5.51) 

*f * (n"+ l*(n + 2) 

therefore, aquation (5.32) nay be written la the for» 

*C , 
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Alto a p<*er law relation for skia friction U obtalnad by subatltutlon 6t 

equation 5.35 Into 5.34: 

>-03 

Equation 5.37 appeara to be a fair approximation to the data plofttqd in 

The bast fit to the data la given by 

0.152 

wherein n • 4.6. 

iPH|||n in i ' 

I hi 

{5,38) 

■ 
1 
«.. ; 

5.3 Turbulence Sludiea ¡ 

5.3.1 Verification of Heaeuteaenja | 

Measurements of the longitudinal component of the velocity fluctuations In 

the boundary layer were made with a total head tube-tranaducer combination. Be- 

cause of the relatively low frequency response of this instrument and the ^«rge 

•la. of the total head tub* relative to the boundary layer thickness, it «« ".«...«r, 

If!1 » Ijfil 
ILibull 

92 
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to perfora .o» .ip.rl.ent. .hid. conM be coveted »1th preeloo. h0t-»lr. Uveeti- 

gâtions. Th« mctsureocnts clotaly par«ll«l to the present etudy were «he e*pert^ 

menta 0f Klebanoff (1955) on s smooth fist piste, The boundary 1st«« »»died by 

Klebsnoff wss '•tripped" to Insure e fully turbulent flow et the worklnf section 

However. Bull. et. si., (1963) found thst the turbulence chsrscterlstics In s 

boundary layer with a natural transition from l«inar to turbulent flow are 

somewhat different. For comparison purposes, several turbulence runs were made 

near the smooth rook used in this study. The boundary layer on the roof may be 

considered as tripped since there is some slight mismstch (.002") between the 

nozzle and the test section. Therefore, the best agreement should b* expected 

with Klebsnoff's dst». The smooth roof is probably the worst possible case for 

study since ths boundary layer is very thin, being approximately 0.3 inches thick. 

Thus, the highest frequencies encountered in this study can be expected for this 

case along with the greatest probe interference effects. In Figure 5.16, the re¬ 

sults of four runs ranging in Reynolds nunsber U«/v from 3.88 x 104 to 9,76 x 104 ^ 

are compared with Klebanoffe data (1955) in air at a Reynolds number of 7.39 x 104. 

The data, which are normalized with respect to shear velocity, compare quite favor- . 

ably over most of the boundary layer especially in light of the fact that Klebanoff's 

experiments were performed in a boundary layer nearly 10 timea thicker than the one 

investigated in the present study. Thar« is some scatter at the outer portion of 

the boundary layer but this could be due to the differences in free stream turbu¬ 

lence in the two facilities. The data of Bull, et. al., (1963) are also plotted 

in the figure, which cover a Reynolds cumber range of l.W * 105 t0 3*76 * 105• 
The disagreement is marksd and remains to be explained. However, both the present 

results end the Klebsnoff data agree in the inner portion of the boundary layer 

With the mean of previous investigations of th. turbulent flow in smooth conduits 

cited by Graveto (1967). Disagreement must be expected in the outer portion, since 

there the turbulence is intermittent. It was concluded that reliable values of 

turbulence intensity could be obtained with the total head tube. 
A further correlation with hot wire data is made in Figure 5.17. The results 

of experiments performed near the roofs having 0.0125 inch and 0.025 inch grooves 

are comparad with the data of Corrsin and Kistler (1955) which were determined near 

a corrugated surface. Their roughness height was equal to 4.35X of the boundary 
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I«y*r thickness and tha ratio of shear velocity to free etreaa velocity was 0.0505. 

Some of the data of the present study had a relative roughness, k/6, of 0.040 and 

0.024, and the ratios of shear velocity to free stream velocity vers 0.0536 and 

0.0482 respectively. Therefore, the data obtained would be expected to bracket 

the Corrsin and Kietler results at distances of 10X to 80X of the boundary thick- 
|j fill 

ness from the wall. Resonably good agreement is apparent from inspection of 

Figure 5.17. This lends further weight to the reliability of the measuring 

technique used in this study. 

5.3.2 Results of Turbulence Measurements near Rough Boundaries ! 

The variation of turbulence intensity with distance from the wall is given 

in Figure 5.18. Four representative runs are shown for each roughened roof. The 

root mean square values of velocity fluctuations are normalised with respect to 

shear velocity, and the distance from the wall la expressed in terms of roughness 

height. The main feature immediately apparent from this precantation la the 

apparent leek of correlation with a length parameter equal to the roughness 

height when distances are greater than a few roughness heights from the wall. 

When the data are normalised with respect to boundary layer thickness as shown 

in Figure 5.19, there is substantial agreement in the outer portion of the boundary 

layer but a consistant deviation in the inner portion. This result is somewhat 

unexpected. As shown in Figure 5.20, normalisation of the data with respect to 

length parameter, 

A • 

results in the same trend except for the very good agreement between the various 

cases at a distance from the wall of y/A - 0.12. This value corresponds to 

approximately 40X of the boundary layer thickness. Therefore, in the region of 

cavitation inception the turbulence intensity may be considered directly related 

to the wall shear. Closer to the wall, some as yet undefined addition#! parameter 

Is apparently required to describe the turbulence. The region of disagreement 

ertends to distances from the wall much greater than the region where the individual 

roughness protrusions could be expected to have some influence. 
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This crend Is corroboratsd by other- lovestigstors wing hot wits «eeiore* 

meats in sir. Several pertinent investigations are sunsaarited in Figure Jf.21. 

The solid lines represent the best fit for the rough wall and the smooth wall 

results obtained in this study. The difference in intenaity between the 0.1OO” 

and 0.0125" experimente Is about the as the spread in the data for various 

intensities of roughness obtained by previous investigators. The deviations 

The collapse of the 4ata between the data appear to increase close to the wall, 

at approximately y/A - 0.12 (y/0&0.4) is striking. Apparently the correlation 

of turbulence intensity with wall shear has greater validity in the central portion 

of the boundary layer rather than close to the wall a* would be expected. In 

summary, the results of the investigation of turbulence intensity near rough wall« 

are somewhat unexpected. A correlation of turbulence intensity with wall ahaat 

la achieved for the central portion of the boundary layer. Bear the wall à but at 

distances greater than one or two roughness heights from the wall, the turbulence 

intensity,normalized with respect to shear velocity, with án inctease In 

roughness. This point warrants further investigation. 

5.3.3 Energy Penalty Spectra 

Energy density spectra were determined in thia study only for the purpose 

of determining whether the total head turbulence probe was functioning properly. 

However, it iô interesting to make a few comparisons. As mentioned previously 

in Chapter 4, some preliminary measurements were made in an open-channel flume 

with a smooth bottom. The energy density spectrum for this case is quite different 

from the results obtained in a thin boundary layer at higher velocities as shown 

in Figure 5.22. However, if the frequency is normalized with respect to a char¬ 

acteristic length and velocity, the data tends to collapse to one curve. The 

best reference length and velocity appear to be the diaplacement thickness and 

the local velocity, as shown in Figure 5.23. For comparison, ths hot wire data 

of Willmarth and Wooldridge (1962) and Klebanoff (1955) in a boundary layar, and 

Laufar'a (1951) data for a two-dimensional channel are also plotted in Figura 5.23. 

The agreement in the low frequency end of the apectrum is fair whereas tht distor¬ 

tion in the higher frequencies la quite evident. However, the upper limit on tho 

error in turbulence intensity measurements induced by thia fall-off in instrument 

response would be given by 
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I Eiror < E(f)df 

CU 

where f is the cut-off frequency 

2(f) is the % energy/cycle/second 

(cps) 

This error is estimated to be less than 5% for the cases studied in this inves¬ 

tigation. Typical energy density spectra obtained for the roughened roofs are 

shown in Figure 5.24. In each case the probe was resting on the crests of the 

roughness thus the effective distance from the datum is approximately half the 

probe diameter or 0.060". In terms of roughness height from the datum, the dis¬ 

tances were 6.5, 2.9, 1.9, and 1.2 for the respective roughness heights of 0.0125, 

0.025, "'.OSO, and 0.1Û0 inch. The energy density spectra for the sraller rough¬ 

ness heights Agree quite well with the spectra obtained near smooth boundaries. 

Spectra obtained for the rougher surfaces show some influence of the roughness 

as indicated in Figure 5.24. However, no further mention of energy density spectra 

will be made here, since tha present instrument should be developed further before 

a detailed analysis of the turbulence characteristics is feasible. 

5*4 Ohservations of Bubble Dynamics 

5.4.1 Critical Radius 

The critical bubble radius as a function of wall pressure was obtained for 

each surface studied from photographic observations of the bubble population in 

the cavitating flow. For each case, the velocity was held constant while the 

pressure was lowered in set increments. At each step in pressure, approximately 

1,000 motion pictures were taken. The photographs were examined to determine 

the size of the smallest bubbles which ware observed to cavitate (i.e.p to abruptly 

increase in diameter). The diameter of these bubbles was defined as the critical 

size. 4s the pressure was lowered, smaller bubbles were observed to cavitate. 

The results for the four cases studied are shown in Figures 5.25 and 5.26. Also 

plotted are the data obtained by Daily and Johnson (1956) and the bubble stability 

relation givan by Equation (3.21) 



Th* valu« of surface tension used In equation 3.21 was .00494 Ib/ft which corras~ 

ponda to a temperature of 25.7*0. This was the average temperature of the vetar 

during this phase of the test program. The dotted lines in the figure represent 

the theoretical relation shifted upward by a constant ameunt of pressure» the 

value of which corresponds to the difference between the wall pressure and the 

minimum pressure in the boundary layer. The theoretical relation appears to 

fit the data for the smooth wall and for the lowest Intensity of roughness. 

However, with increasing degree of roughness there Is less agreement. This 

could be due to cn attenuetion of the turbulence intensity with an increase In 

the intensity of cavitation, thus, reducing the difference between the wall 

pressure and the minimum pressure in the flow. Unfortunately, the velocity for 

each set of runs was not constant, thus direct comparison between data for various 

roughness heights is not possible in Figures 5.25 and 5.26. For reference, 

experimental points are replotted In Figure 5.27 where pressure has been nor¬ 

malized with respect to free stream dynamic pressure. At large values of the 

critical radius the data should be asymptotic to the value of the incipient 

cavitation index defined as 

o 
1 

(5.39) 

One set of data, (k • .050) was Inconsistent, the values of normalised pressure 

were higher than the Incipient cavitation index Indicating an error In pressure 

measurements, sines the pressure values should be lower than for incipient cavi¬ 

tation. These data were shifted downward by an amount equal to 1Z of the velo¬ 

city head. The difference in the cavitation characteristics for the case k • 0.100" 

1» rather startling. When the pressure was lowered below the incipient value by 

relatively small amounts (10-30 mm of mercury) the cavitation process was observed 
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to be quite profuse. It la suggested that cavitation altera the pressure dis¬ 

tribution through the boundary layer. The extreae case would be a fully deve¬ 

loped cavity adjacent to the wall, where the pressure would be equal to the vapor 

pressure everywhere. Therefore, it la hypothesised that the relatively large 

reduction in wall pressure required to lower the value of the critical radiua 

does not correspond to the same reduction in the pressure outside jii 

As noted in Chapter 3, the stability thepfy is >^S|d on a simple ||^:i^tí|i'':™ | 

between the external and internal pressure and the!-'iu#face tension!;^ Tliwre 

it is the local value of pressure and not the ^illj'imfisaure that id pettlmdhli+MÜ;- 

This local value is not a mean value, but a value corresponding tf't^* 

peak of turbulent pressure fluctuations. These tufb^jlent 

are related to the vorticity in the flow and the fluid density. A# portions of 

the fluid are vaporized, there are drastic reductions in density. Idr angular 

momentum to be conserved, there must be s reorientation of ths vottlclty di#tr¿ 

bution which in turn will modify the natute of the pressure fluctuations. 
5.4.2 Bubble Growth 

Typical photographs of expanding bubbles taken at 3,000 firmes per second 

are shown in Figures 5.28 and 5.29. A plot of the bubble radius versus time for 

the two cases shown is given in Figure 5.30. A good portion of the growth phase 

may be approximated by a straight line as predicted by equation 3.19: 

Using this relation, and the measured R' given by the slopes of tho sfruight Hues 

in the graph, it is possible to compute the quantity pyp - pM. The values obtained 

from the bubble growth data agree reasonably well with the values computed frnsi 

the stability theory as shown in Table 5.3. These results lend further support 

to the hypothesis that relatively large reductions in wall pressure below the in¬ 

cipient point do not necessarily produce corresponding reductions in the pressure 
external to the bubble. 

Another observation is that quite often bubbles appeared t<| grow beyond a 

steady state value and then began to collapse at approximately the same rate they 
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had grown. Tha bubblaa laava tha ftald oí vlav many cimas largar than tha initial 

valúa but snall^r than tha obaarvad naninun ai*a. Tha pressura gradient was vary 

nild for all phases of this study and actual collapse of bubblaa did not occur 

in tha test section. Collapse always occurred in the transition part downstraan 

of tha test section. Thus, tha observations in this study ara quita différant 

fron those of Knapp (19A8), where within tha field of view of tha cañara« tha 

bubbles traversed through a distinct nininun prassura region into a higher 

pressure region. In Knapp’s experiments a variation of p„ was approximated by tha 

variation in mean static prassura sensed by tha bubble as it passed through tha 

minimum pressure region. In tha present study, the important factor is the 

temporal variation of pressure due to turbulence. 

5.4.3 Bubble Distribution 
The distribution of bubbles through the boundary layer was also obtained from 

high speed photographs of the cavitating flow. The number of bubbles in each of 

10 strips of 1/10 of a boundary layer thickness were counted in random frames. 

The total number of bubbles counted for each run was about 2,000. For each 

case the procedure was repeated to determine the distribution of only the cavita¬ 

ting bubbles. The resulting histograms are shown in Figures 5.31 through 5.45. 

The solid lines indicate the percentage of all bubbles at each portion of the 

boundary layer. The dotted lines display the percentage of expanding bubbltB as 

a function of distance through the boundary Ipyer. Figures 5.46 through 5.49 

are a summary of the data obtained for each of the four roughnesa petterns studied. 

The striking feature of theee deta is ths fact that in all caaea cavitation is 

obssrvsd to occur roughly in ths csntsr of ths boundary layar. On the other 

hand the maximum parcantaga of all bubblaa la cloaa to tha wall. The only 

explanation for thie phenomenon ie that the minimum paaka in inetanteneous pressure 

occur in the center of the boundary layer end not cloee to the wall whara the 

maan static prassura ia a minimum aa pradictad by aquation 3.43. 

Dally and Johnaon (1956) alao obaarvad cavitation to occur in tha center 

of the boundary layer adjacent to a smooth roof. They thsoriasd that ths boundary 

layer is composed predominately of large scale addiaa having a diamettr approxi- 

matsly aqual to tha boundary layer thickness, it wee concluded that the cavitation 

nuclei ware antrained in the cores of thsss sddlss, and cavitation would occur in 
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the center of the boundary layer because of a lack of nuclei near the wall where 

the mean pressure level is minimum. The observed bubble distributions indicate 

quite the opposite trend. In fact, on several occasions nuclei were observed to 

be fed into the flow from the roughness grooves. An example cf this is shown in 

Figure 5.54. Apparently as the pressure is lowered, nuclei could form by gaseous 

cavitation in the grooves. Subsequently, these nuclei would be carried into the 

flow and explode through the process of vaporous cavitation. This point is still 

not clearly resolved, but as shown in a subsequent section, there is fairly 

strong evidence that the minimum peak in the pressure fluctuations occurs away 

from the wall. T' date the question of the distribution of static pressure fluc¬ 

tuations is not well known. 

This distribution of all bubbles may be explained by the process of turbulent 

diffusion. This problem is analogous to the sediment transport phenomenon, where 

small particles are suspended by the turbulent velocity fluctuations. The con¬ 

centration of suspended load in a uniform, turbulent shear flow is given by (cf 

Rouse [1938]): 

(5.40) 

where c j is the concentration at mid-depth 
'md 

y is the distance from the boundary 

6 is the boundary layer thickness 

The exponent Z is given by 

(5.41) 

where w is the fall velocity of the particle 

K is the Von Karmar constant 

8, is the ratio between the mass diffusion coefficient and the 

eddy viscosity. 



Equation 5.40 was darived originally for uniform flow in open channels. 

The distribution of shear stress is a linear relationship given by 

T - To(1 - y/6) (5.42) 

where is the wall shear. A logarithmic velocity defect law is assumed as: 

(5.43) 

which is valid throughout the velocity field. The well known mixing length 

theory was used to approximate the variation of eddy viscosity through the flow. 

These assumptions are not completely valid in a developing boundary layer. How¬ 

ever, there is an analogy between the sediment transport problem and the bubble 

distribution noted in this investigation. In the latter case sediment tends to 

fall to the bottom due to gravity and the settling effect is offset by the 

action of turbulence. In the present situation, the problem is turned up side 

down, che tendency for bubbles to rise to the roof being offset by the turbu¬ 

lence. Using this analogy, the average bubble distributions were plotted on 

log-log paper in the form (X) versus (ô/y -1). It was assumed that the per¬ 

centage of bubbles was related to the concentration of bubbles. Thus, the ex¬ 

ponent Z could be obtained from the slope of the best straight line through 

the data shown in Figures 5.50 through 5.53. Assuming to be 1, < to be 0.41 

and using the measured value of uA, the velocity of rise w was obtained using 

equation 5.41. The bubble diameter corresponding to this velocity of rise 

was obtained by approximating the bubble by a sphere acting under a force equal 

to the product of bubble volume and fluid density. The relation applied is 

presented in Figure 5.55, and as shown in Table 5.4, reasonable values for the 

bubble diameters occur. For each case the diameter is in good agreement with 

the average of bubble diameters observed in the flow. 



Figure 5.50: Determination of 
Bubble Rise Velocity 
from Distribution 
Data, k » 0.100" 

Figure 5.52: Determination of 
Bubble Rise Velocity 
from Distribution 
Data, k « 0.025n 

Figure 5.51: Determination of 
Bubble Rise Velocity 
from Distribution 
Data, k » 0.050" 

Figure 5.53: Determination of 
Bubble Rise Velocity 
from Distribution 
Data, k » 0.0125" 
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Figure S.Shi Example of Cavitation Nmlei 
Leaving Roughneae Qroove 

Figure 5.55s Bubble Diameter versus 
Rise Velocity 
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Table 5.4 

le ßlsyr^uttgn.CoiBB^utlonb 

Z 
-y* 

(ft/sec) 

4r 
(inch) (ft/aec) (inch) 

.0125 

.025 

0.304 

0.336 

0.617 

0.471 

2.42 

2.18 

3.12 

2.96 

0.402 

0.300 

0.789 

0.571 

0.031.0 

0.03C4 

0.0890 

0.0605 

.050 

.100 

5-5 Cavitation Inception Data 

Cavitation incaption data for the four roughness patterns investigated are 

presented in Figure 5.56. The majority of these were collected in water with a 

gas content ranging from 0.14Z to 0.28% by volume at NTP. Data for the 0.100" 

grooves were collected in water having a gas content ranging from 0.28% to 0.47%. 

The 0.100" results show a definite tendency to rise with a decrease in velocity. 

The flow is ully rough under these conditions and there is no reason to believe 

that there is a change in the relative turbulence level. In fact, the pre¬ 

viously cited turbulerce measurements indicated that the turbulence level was 

directly proportional to the free stream dynamic pressure. Hence, the indication 

is definite that this phenomenon is an effect of gas content. 

The maximum gas content of 0.47% corresponds to a saturation pressure head 

of 7^9 ft; thus, from equation 3.29, there would be a scale effect given by 

7.9/2J . When the absolute pressure head was below 7.9 feet, this corresponds 

to a velocity of approximately 43.9 feet per second for the 0.100" roughness 

experiments. A3 shown in Figure 5.56, there is an upward trend in the data 

at velocities below 45 feet per second. The scale effect is not as large as 

predicted by equation 3.29. Theoretically, the increase in o1 at 30 feet per 

second should be 0.5,whereas a maximum increase of 0.05 was noted in this experi¬ 

ments. It is very unlikely that the diffusion time in the minumum pressure zone 

is long enough for bubbles to grow completely by gaseous cavitation as is assumed 

in equations 3.29. Thus, there appears to be some effect of gae content in these 

experiments, but of a minor nature. The remaining data shown were obtained at 
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a lower gas content and indicate very little increase in oi with a reduction in 

velocity. For comparison the data obtained by Daily and Johnson for a smooth 

wall are also plotted in Figure 5.56 which give a much more obvious variation in 

ai with velocity. Some of this is due to the variation in relative turbulence. 

It is well known that the turbulence intensity is relatively higher for smooth 

walls at lower velocities. Thus, at lower velocities, the difference between 

the wall pressure and minimum pressures iu the boundary layer is a correspondingly 

larger fraction of the free stream dynamic pressure, indicated by an increase in 

the cavitation index. At the same time the wall pressure required for cavitation 

in the test section with a smooth wall is even lower than for the rough wall ex¬ 

periments performed in this investigation. The saturation pressure in the Daily 

and Johnson experiments was of the same order of magnitude as in the present 

study. Therefore, a greater scale effect due to gas content can be expected in 

the smooth wall tests. 

In comparing the effect of skin friction on cavitation inception, the minimum 

values of the cavitation index obtained at high velocity were compared with the 

corresponding values of the local skin friction coefficient in Figure 5.57. As 

predicted by equation 3.57, a linear relationship between cavitation index and skin 

friction coefficients is indicated, given by: 

0i ”■ 15.92 Cj ^ 16 C{ (5.44) 

For comp ¿iison, some data from Daily and Johnson are plotted also. The values of 

skin friction had to be estimated; and, hence, only a fair agreement could be 

expected. The important point to note is that relatively large differences exist 

between the mean wall pressure and the negative peak of the pressure fluctuations, 

which are predicted by equation 5.34. Both the bubble growth and bubble stability 

experiments previously cited, indicate that inception occurred at pressures very 

close to vapor pressure in this study. Therefore, o1 is a direct indication of 

tha difference between the wall pressure and the local pressure at the point of 

inception. This pressure level corresponds to some negative peak in the pressure 

fluctuations. The first question must be directed to the required duration of a 

pressure fluctuation for cavitation inception. Considering a bubble to be a 



Figure 5.56: Cavitation Inception Data 



expected from a pulse having a duration equal to at lease one half of the natural 

period. Ihus, in first approximation, pressure fluctuations with a frequency of 

less than twice the natural frequency of a nucleus can create cavitation. 

Minnaert (1933) has computed the natural frequency of an air bubble. He reported 

the relation 

(5.45) 

where - natural fequency in cps 

r - mean radius of the bubble 

Pg ■ internal gas pressure 

p - mass density of water 

h ■ ratio of specific heats 

Fhis relation was used to estimate the natural frequency of the nuclei, which were 

assumed to be filled with gas at a pressure equal to the vapor pressure. The 

result is 

18.^8 
n r 

where r is in inches. Thus, a bubble having a radius of 0.01 Inches has a natural 

frequency of 1^78 cps. Reported energy density spectra for wall pressure fluctua¬ 

tions Indicate that practically all the energy in pressure fluctuaticn signals is 

contained at frequencies below 1,000 cps. It should be expected then, tnat the 

negative peak in the pressure fluctuations and net the mean pressure level will 

be the important factor in cavitation inception. 

Assuming the negative peaks to occur less than 5% of the time, the magni¬ 

tude of the peaks would be 



if the temporal variations follow a Gaussian diatribution. Using the value of 

root mean square wall pressures reported by Willmarth and Wooldridge (1962) : 

(5.47) 

■¿PU2 

and assuming cavitation inception at vapor pressure the expected cavitation re¬ 

lation would be 

oi - 3.59 Cf 

which is certainly in disagreement with the experimental results. In a private 

communication to Professor J.W. Daily, Willmarth quoted measurements of nega¬ 

tive peaks in wall pressure as high as 4 times the root mean square value. This 

would correspond to the relation 

o1 - 8.76 Cf 

which is still In disagreement with the experimental results expressed by equation 

5.44. 

However, this cavitation law is not in disagreement with r—evious cavitation 

experiments. Rouse (1953) reported the results of inception studies in a water 

Jet. He obtained the value 

P*2 is the maximum value of che pressure fluctuations 

U is the maximum jet velocity 

where 

o 

For comparison, the results of this study, using Willmarth and Wooldridge's (1962) 

wall pressure measurements, indicate a value given by 



o (5.48) 

In the 8ame paper Rouse (1953) reported the ratio 

At the observed poiut of inception (y/fi - 0.5) In the boundary layer, the turbulence 

intensity was found tu be 

u'¿ 
P - 1-12t (5.49) o 

Using the previously cited wall pressure measurements by Willmarth and Wooldridge 

and equation 5.49 the relation 

was found for this study which Is in good agreement with the result for a turbulent 

jet. Dally and Johnson estimated the relation between the cavitation index and 

the root mean square value of the pressure fluctuâtIona for a smooth wall boundary 

layer from the turbulence Inten»tty deduced from photographs of bubble motion in 

the 1 low. They used the Batchelor (1951) relation pressure and velocity 

fluctuations: 

to obtain the value 



. 

In summary, it appears that negative pressure peaks of a magnitude many times 

larger than the root mean square value are responsible for cavitation. If these 

peaks are estimated from wall pressure measurements and the temporal variation» 

in pressure are assumed to follow a Gaussian distribution, the frequency of occur¬ 

ence is practically zero (i.e. sero to 4 decimal places). This is a ridiculous 

conclusion, indicating that the temporal variations are not quite Gaussian In 

nature and probably have larger negative peaks at the center of the boundary layer 

than at the wall. 

For engineering purposes the interesting comparison lies in the difference 

of cavitation inception for an isolated irregularity and a distributed roughness. 

For example, the cavitation index for the 0.100 inch grooves was found to be 

0.235, the relative roughness, k/d, at the point of inception was 0.13. Holl 

(1959) cite* a cavitation index of 0.82 for an isolated irregularity with a rela¬ 

tive height, k/6 « 0.13. 

To Illustrate this point, the cavitation performance of a smooth body ?.s 

compared to that of the same body with a roughened surface. Substitution of 

equation 5.44 into equation 3.i'0 results in the relation 

l + o 
1 + 16 C, i 

where o^ is the cavitation index of a rough body 

oA is the cavitation index of an idantical smooth body 

Using equation 5.51 and Cf given by the Prandtl - Schlichting skin friction law, 

tha Increase in cavitation index for a hydrofoil having a • -0.5 located 

2 Inches from the leading edge has bean computed. This was done in order to 

compare directly with the example citad by Holl (1959) for an Isolated irregularity. 

A comparison of the results is given in Table 5.5. 
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G.001 

0.002 

0.004 

0.008 

The comparison is quite startling, and graphically Illustrates the favorable inter- 

ference effect of adjacent protuberances. Therefore, it may be concluded that if 

an isolated irregularity is unavoidable, for example, due to lisdLtatlons on toler¬ 

ances for the mating of parts, it may be advantageous to artificially roughan the 
entire surface upstream of the irregularity. 



Measurements of wall shear, temporal mean velocity, turbulence intensity and of 

the cavitation inception index were made in boundary layers adjacent to both smooth 

and rough surfaces. High speed photography was used to observe the boundary layer 

flow under cavitating conditions. The distribution of cavitaring and non-cavlrating 

bubbles through the boundary layer, bubble growth rate and critical radius was 

determined from the photographs. Four rough surfaces were used in this study, 

each roughness oattern consisting of uniform triangular grooves transverse to 

the flow direction having roughness heights of 0.0125 inch, 0.025 inch, 0.050 inch 

and 0.100 inch, respectively. The free stream velocity ranged from 16 to 51 feet 

per second. The following conclusions were reached: 

1. Cavitation inception in a turbulent boundary layer may be correlated 

with wall shear for both smooth and rough boundaries. 

2. Ac isolated irregularity on a smooth surface is more susceptible to 

cavitation than a surface of distributed roughness of equivalent roughness height. 

3. For all cases studied vaporous cavitation inception occurred in the 

center of the boundary la>er. The frequency of occurrence of cavitating nuclei 

near the wall was very low. Gaseous cavitation was observed in the roughness 

grooves, and, occasionally, nuclei were seen to leave the roughness grooves. 

4. The greatest concentration of non-cavitating bubbles existed close to 

the wall. For the particular case of cavitation on the roof of the test section, 

the observed bubble distributions agree essentially with the theory developed 

for the variation of concentration of sediment in a fully turbulent shear flow. 

5. It could be inferred from observations of critical radius and bubble 

growth that the inotantaneous local static pressure external to the nucleus at 

inception was very close to the vapor pressure of the liquid. Computations from 

bubble growth data resulted in tensions of only 1 to 2 feet of water. 

6. Since the observed tension in the liquid was low, measurements of the 

wall pressure at cavitation Inception were direct Indications of the magnitude 

of negative peaks in static pressure. Bar>ed on root mean square values of static 

pressure.at the wall made by others, these peaks correspond to a frequency of 

occurrence of zero to 4 decimal places, if a Gaussian distribution is assumed 

for temporal variations. It is suggested that the negative peaks do not follow 



a Gaussian distribution and are greater in magnitude away from the wall. 

7. Turbulence Intensity in boundary layers adjacent to both smooth and 

rough walls is primarily a function of wall shear. Good correlation was found 

between turbulence measurements made with a hot wire in air by other investi- 

gators and the measurements made with the totiO. head tube in water. 

8. Wall shear measurements indicated a universal dependence on a Reynolds 

number based on displacement thickness and corrected for the effects of roughness 

and pressure gradient. In addition, it was established that the Prandtl - 

Schlich ting resistance law for rough flat plates was a reasonable approximation 

to the data obtained in this study under varying degrees of favorable pressure 

gradient. 

9. Temporal mean velocity measurements showed good agreement with the 

law of the wall" for both smooth and rough walls. The experimental velocity 

defect laws resulting from smooth and rough boundaries under zero pressure gra¬ 

dients were identical and agreed with the results of previous investigators. 

All velocity profiles examined were shaped veiy similar to the equilibrium pro¬ 

files examined by Clauser (1954). 

10. The present study clearly illustrates the strong relation between 

cavitation inception and flow noise problems in a turbulent boundary layer. 

The need for a close investigation of temporal variations in static pressure 

away from the boundary in a turbulent shear flow is evident. Reliable pressure 

sensors for measurements within a turbulent shear flow need to be developed to 

answer the problem of fluctuations in static pressure more definitely. More 

information on temporal variations in pressure is required, along with further 

studies of cavitation inception near boundaries with three-dimensional roughness 

elements. This is of direct interest in the problem of cavitation inception, 

and of the related .cavitation damage and is indirectly related to the effect of 

roughness on flow noise and vibration. 
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THE-PKZSTON TUBE FOR THE DBTEBilMATIQM nv matt 
I.ipi1' " .iHi.l 1 11 (1| .lih1 ¡iMlflj! P ' 1 ' 

Con-Uer . rouna tot.l h.«d tub. „f dWt.r d r..tlng ^ ^ 

surface as shown ln Figure A.l: 

•4 ^rrrrrrXm rrm wl|K, | ; 
Ja 

Figure A.l Schematic Representation of Preston Tube 

Th. tot.1 pressure sensed b, such . tub. 1. ,.X„. *lch d.plmd. M 

th. ehape of th. v.locity profil, «d ou the sh.p. of ,h. tri,. If.lf. rot 

tubes much larger than the thickness of the ...w i 
pf the fonn 1 th* la“lnar 8ub-l*yer, a velocity profile 

1/7 
* - C 
ue 

(A.l) 

«y b. assumed. The dl,f.r.„„ bet«« th. tot.l pr...ur, s.u..d by th. tub. 

«d th. .tatic «11 pressure 1. given by th. integral of th. dyn«ric pressor, 

over the internal croes sectional area of the tube? 

AP - 2 
awa2 

dA 
(A.2) 

where 

For a round tube: 

where 

u is the local velocity 

A la the cross sectional area 

dA - 2 Ta2 - (b - y)2 dy 

2b la the outside diameter ' 

2a is the Internal diameter 

(A. 3) 



APPEMDIX A (ContM.Ï 

! , or noting the geometric identity: 

y - b - a ein Ç 

where Ç is measured as chown In Figure A.l. 

Hence 

dA * 2a coa^ ï d Ç 

Substitution of A.4, A.5, and A.l into A.2 results in the expression 

. o .2 2 Í u*b I 2^7 
4F .Cu. I—) 1 

where 

M 

^»/2 

)- J d 
4/2 

,2/7 

(A.5) 

(A.6) 

+ £ Bin O ' cos Ç d £ (,4.7) 

Since d - 2b, and defining 

irC' 

7/8 

1 

Equation A.6 may be rewritten in the form 

1/2 

p V 

(A. 8) 

CA.9) 

It is easily shown that Equation A.9 is equivalent to Preston's (1954) 

calibration equation in the form 
2 

t d 2 
log —* log C. + *■ log 

1 8 4pv2 

Using Preston's result log - -1.392, Eitmtion A.9 reduces to the form 

used In the computer program: 

(A.10) 

|| ¡¡¡j I, 

0.1622 
1/8 

P V 

(A.11) 



k atallar raault aay ba darlvad for a flattanad prob«, by aaaunlng t;Ka proba 

to ba two dtaanslottal (Infinita aapact ratio). For this caaa 

b + a 

where 2b la tha earernal prob« thlckneaa 

b • a la the wall thlcknasa 

Again employing the power law aa the universal law of the wall 

1/7 

(A*13) 

In Equation (A.12): 
2/7 

Ht (A. 14) 

where r i+~ 
1 b 

bl a J 

1 - A 
1 b 

2/7 . q an (A.15) 

Rearranging Equation A.14 reaults In: 

uÉ - 1.090 

* 
A 

7/16 

1 
bj 

CJ 
-: 

» 

|! ! 

'¡f !] :.:i 
^16) 

wherein d ■ 2b 

In the present study a probe was fabricated from 0.120' OD tubing which has a 

flattened tip .035" thick. For thia case 

2b - 0.035 inch 

2a ■ 0.009 inch 
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Thii particular probe was calibrated using a round tu’.e as standard. The 

variation of wall shear stress with flow rat* was determined with the smooth 

roof Installed In the test section using a 0.022 Inch OD probe and Equation A.11. 

The results are plotted in Figure A.2 In terms of shear velocity versus rosal* 

reading. The flattened tube was then calibrated using this curve as a standard! 

as given by Figure A.3. The variation with the parameter 

is as predicted. However the experimentally determined constant Is 0.1757 Which 

differs radically from the theoretical value of 0.1222 suggesting that three 

dimensional effects are Important. 

Attempt* were made to extend the Preston tube technique to the rough wall 

experiments. Following the same type of development as cited above. It was 

found that the results, both theoretically and experimentally were very sensitiv* 

to the location of th« probe relative to the datum. A reliable calibration 

curve In terms of probe diameter tc roughness height could not be achieved In 

this study. Therefor* this technique was discarded for th* determination of 

rough wall shear. 

- 135 - 



ö * i i ¿ ifc ti-¡4-Ï6-if.A lk~l> 
NHIM' AlMmHtf 

Figur« A.2: Variation of Smooth Wall 
Friction with Flow Rate 

Figur« A.3 ï Calibration Curve for 
Flattened Pveaton Tu’#« 
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IISCUSSIOll Of POSSIBLE mm w THh 

m of both 

Tjigq^ PAM and fluctuating velocities Wim A 

A critical dlscuaaion of the error» inherit In the dÉKUililitl 

mean and fluctuating conponMt» of velocity with a total head tube Is given by 

Ippen at. al., (1955) and Perkina and Eaglcson (1959). For the sake of conplete- 

neaa a brief review ie presented here. 

To estimate the errors inherent in the use of a total head tube, the Ber¬ 

noulli equation is assumed to apply. The total pressure sensed by the tube is 
then: 

p£ “2' (u + u')^ + p + p' (8,1) 

where u is the temporal mean velocity 

u' is the fluctuating component of velocity 

p is the mean static pressure 

p' is the fluctuating pressure component 

Expanding equation B.l and taking the time average results in the following 

Pt “ P * ,■ û2 + u1"7 
^ 4 4 

The accepted equation 

“ */p l»« - 0 

HLiMf ! 

(B.2) 

(B.3) 

ie incorrect by a factor which depends on the turbulence intensity. By taking 

the square root of equation B.2 and expanding the right-hand side using the binomio 
theorem, the following is obtained: 

/p (pt - p}- Õ + ! + h.o. terms 
¥ u 

(B. 4) 



Thu*, che error In equation B.3 1* given by 

\ i u** 
Error m +’ X' ". 

2 Ü2 

i*:ÍHí.;í».-K—r™., 

fÊÊBBOS 

For Ju'*/Z <0.1 thie error aaounCe to 1/2X. 

An equation for the deteralnation of root aean equate turbulence Intensity 

is obtained by expending equation B.l: 

pt " 1 + + U'2 + P + P* 

By neglecting p* in equation B.6 and defining 

(B.6) 

Pt -Pt (B.7) 

where 

p - 52 + £ + p 
t 2 

and also neglecting u* compared to u: 

(B.8) 

(B.9) 

Equation B.9 waa used In this study to obtain values of the turbulence Intensity. 

An estimate of the error in equation B.9 Is obtained by subtracting equation B.8 

from B.6, squaring the result and taking the mean square value: 

» (pãu*' + f w'2 u77 + P') J 

Expanding B.10 results in 

1/2 

(B.10) 



■f» 2 J il'» 

pu u77 

For « syonatrlcal distribution of u', u117 is ssro. Further, assisting the folic 

log orders of magnitude: 

and FV <f (^7) 

the terms in equation B.ll may be estimated: 

< 0.0025 

< 0.0050 

1 0.0025 

Thus, the error in equation B.9 is approximately 5X or lass. 



DESCRXPTIOW OF TECHNIQUE TOE CWtUnM MMI VELOCm KOgj 

Th* miniatura wind tunnal used to callbrata tha velocity probas la shown 

In Figure (C.l). Baaentlally, the apparatus consista of a contraction, a 

cylindrical teat section, another contraction and a diffuser section. The 

tunnel Is connected to the suction side of a blower rated at 50 cubic feet 
L •’"í1' ' i’♦" •" *i¡" 1 il, 1-4( i ■ . ihMt 1 I wfOtM-ij''ifp| ij »I » .|f I! 

per minute at 20.8 inches of water. Throttling of the flow la achieved with 

a globe valve located at the compressor discharge* The Inlet wattle, through 

which the flow accelerates from the atmosphere into the test section, has the 
, 

same variation in cross-sectional area as the efflux from a sharp edged orifice. 
i iii i ; ’ 

The diameter of th* test section Is greater than the nottle, allowing a free 

jet. The probes are placed in position along the centerline of the tunnel 

such that the tip is In line with four static pressure taps in the test eectlon. 

Isentropic flow As assumed from the atmosphere into the test section. Thus 

the total pressure in the test section, pt. Is equal to the atmospheric pressure 

p . The Incompressible pressure coefficient is defined as 

M. 

pU2/2 
(C.l) 

where dp is the difference between the total pressure sensed by the probe 

and the static pressure 

pU2/2 is the dynamic pressure 

Neglecting compressibility effects on the pressure coefficient, the difference 

between the total pressure sensed by the probe and the static pressure is given 

by 

dp • C (pt - p) (C.2) 
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Since, p - p the following Is true 

£ a —. 
P P0 ~ P 

Thus, the probe calibration is deternined fron the ratio of pressure difference 

between the probe and the static tapa and the pressure difference between the 

atmosphere and the static taps. Compressibility is neglected only in terms of 

the calibration constant itself. The 

so that this assumption is valid. 

(C.3> 

¿i.1 ■ à 

. 
H f-¾ *! '11 i I 

i 

taly 0.22 

i 

l-f 
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Af PENDU D tmíl i mimunBninr r • . 

DMXSH wmiow TO THE HIMOLIWI ata» 

Anea Af 

Fût «o an/ilysie of th« r«*poM« of a total haad tube-tranaducar ccmblnatloo 

It la uaaful to conaldar the apparatua aa a one degree of freedom apatas ah ahowo 

in Figura D.l: 

Area A2 

-*-K l2H 

^ - 
,-vwv^ 

Figure 0.1: Schematic Repreaentatlon of Turbulence Probe 

The apring constant, in Figure D.l la a virtual quantity which representa 

the stiffness of a clamped circular membrane. The value of la equal to force 

divided by the average deflection of the membrane. Using this definition, Kj 

is given by 

.3 

(D.l) g a IHll ■■T 

i td2 12(1 - ^2) 

where tj is the radius of the membrane 

V la the Poisson's ratio 
P 

t la the membrane thickness 

Ey is Toung's modulus 



* 

APFEHDIX DJgootMJ 

Th« int*gr«X of the equation of notion 1» given by 

•i2 V,2 f2 

where 

y 2 y 2 y* 2 

PX P - p2 ^ p - p dx 

Pj • preeeure et point (1) 

P2 • preeeure et point (2) 

Vi - velocity at point (1) 

V2 - velocity et point (2) 

deneity of fluid o •* 

The continuity «quation, aeeualug one-dineneional notion, 1« 

Vl " À2V2 

Differentiation of the continuity expreseion resulte ln 

dt 

dt 
A1 dt2 

(D.3) 

CD.4) 

dV_ .2 
•«wm¿ sí 

Substitution of Squotlono D.3, D.*, ond D.5 Into Lguntlon D.2 rooulto ln 

the expression 

(D, 5) 

ÍIhH 

P1 “ p2 + f ¢) 
f dx \ 2 
IdtJ " p 

^2 d X 

d? 

V.. 

CD.6) 

The neubrene deflection, x, is related to the pressure difference, p 

by 

V 
Pi P2 m ^ 

1 ~ p2‘ 

(D.7) 

M - 



If Equation D.7 la aubatltutad Into Equation D.6 and tha folloutni approxima¬ 

tion» ara nade: 

tha aquation of notion elapllflaa to 

d2 Kd 

d? 

Tha natural frequency of the aysten la obtained fron the aolutlon of 

Equation (D.8): 

_ , 7 . 2 

f « 1- 
o 2» 

where t’o la In cyclea per aacond. 

When commercial transducer» ara used. Equation (D.9) la not In ita moat 

useful form since the only characteristic usually quoted by the aanufacturer 

la tha natural frequency in air, f^, of the transducer. This natural frequency 

auy be asauned equivalent to that of a claeped circular diaphragm: 

. .Miii yV 
rd » 

where t>d la tha nass density of the neabrane natarlal. Coralnlng Equations 

D4,. D.9 and D.10 results In 

(D.9) 

(D.10) 



or for V ■< 0.3: 
P 

f ■ 1.09 f. 
o d 

■qtwtlon D.12 wat usad to avaluato various trsnsducsr-totsl head tube 

combinations. The final fora of the instrument package had the following 

characteristics : 

!d 
P 

tl 
h 

E 

- 10,000 cps 

• 7.83 

• 1.155 * 10 3 inches 

• 30 * 106 pel 

/'í'ff’ül ¡î|j iljÉÉWÍlIsiíií^ 

where the transducer and total head tube were made of etalnleea steal, 

talng Equation (D.12) the theoretical natural frequency was found to be 

240 cps, which is lower than the observed value of 320 cps^ t i# 
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ARPEKDIX 1 

âMW or mwwB »umuT .f 

Smooth •I 

.0125 U 

.025 r 

.050 M 

.100 

0.122 
0.106 
0.252 
0.248 
0,299 
0.331 
0.323 
0.344 
0.337 
0.340 
0.348 
0,344 

0.278 
0.389 
0.487 
0.545 
0.543 
0.521 

0.127 
0.294 
0.407 
0.498 
0.552 
0.567 

0 345 
0.467 
0.586 
0.640 

0.480 
0.478 
0,433 
0.630 
0.612 
0.732 
0.728 
0.783 
0.768 
0.778 

0.481 
0.433 
1.272 
1,222 
1.292 
1.416 
1.379 
1.588 
1.479 
1.585 
1.583 
1.639 

1.244 
1.645 
1.986 
2.229 
2,2." 9 
2.164 

0.318 
1.088 
1.574 
2.110 
2.122 
2.237 

1.260 
1.804 
2.267 
2.411 

1J73 
1.402 
1,315 
2.003 
1,985 

.388 

.354 

.706 

.644 

.483 

Inch« Inches Inches 

.0190 

.0169 

.0416 

.0409 

.0453 

.0516 

.0488 

.0521 

.0549 

.0547 

.0537 

.0562 

.0669 

.0832 

.1005 

.1074 

.1070 

.1043 

.0307 

.0746 

.0932 
0.113 
0.121 
0.120 

.0967 
0.121 
0.144 
0.159 

0.133 
0.136 
0.131 
0.182 
0.181 
0,203 
0.201 
0.219 
0.214 
0,221 
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.0141 

.0123 

.0305 

.0296 

.0344 

.0387 

.0368 

.0118 

.0408 

.0406 

.0402 

.0412 

.0412 

.05*4 

.0668 

.0727 

.0726 

.0702 

.0178 

.0441 

.0586 

.0724 

.0780 

.0785 

.0538 

.0702 

.0862 

.0951 

.0728 

.0726 

.0679 

.0956 

.0944 
0.112 
0.111 
0.121 
0.1)9 
0.119 

1.346 
1,374 
1.364 
1.372 
1.320 
1.332 
1.324 
*. f>43 
1.346 
1.347 
1.336 
).363 

1.624 
1.128 
1.504 
1.478 
1.47*» 
1.485 

.721 

.691 

.591 

.557 

.545 

.527 

1.795 
1.726 
1,673 
1.676 

1.830 
1.872 
1.928 
1,907 
1.913 
1.811 
1.812 
1.806 
1.805 
1.851 

Ip 

9li.ia4' 
49,89 
49,89 
41,37 
4041 
34.09 
48.03 
47 48 
19.64 
3244 
38.59 
27,11 

41.11 
39,63 
40,78 
47.34 
40.18 
23.99 

39.28 
40.94 
41,30 
41.62 
27.10 
41.43 

41,73 
41,34 
42,40 
42,86 

46.11 
29.86 
41.36 
46,70 
30.03 
A7.13 
31.12 
47,03 
30,7* 
42,60 

no »¡i 

0.418 

1.137 
o.*;i3 
1.079 
0.962 
1.361 ,1 
1.435 
0.551 
0.960 
1.176 
0.807 111 

1.027 
1.372 
1.759 
2.341 
1.927 
1.074 

0.467 
1.081 

.508 

.843 

.303 

.115 

1.255 
1.678 
2.150 
2.369 

2.137 
1,316 
1.621 
2,846 
1,705 
3.310 
2.105 
3,562 
2.191 
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itiated due to the apparent lack of publiahed informâtlor on the effects of 
distributed roughness on cavitation inception as opposed to the effects of isolated 
irregularities. The experimental program covers the measurement of mean velocity 
profiles, turbulence intensity and the determination of the cavitation inception 
index for turbulent flow adjacent to both smooth and rough boundaries. In all 
caaes the test liquid was water at room temperature. Four triangular roughness 
patterns were tested, consisting of roughness heights of 0.100", 0.050", 0.025", 
and 0,0125", respectively. The maximum velocity was varied between the limits 
16 to 51 feet per second. For the same conditions, cavltating flow was observed 
by high speed motion pictures. Data concerning bubble diatribution, atability, 
and growth rate were obtained from the photographs and correlated with existing 
theory. 
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