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Abstract:
Flow resistance characteristics were obtained for turbulent flow of air in rough pipes. Two rough pipes
which were characterized by relative roughnesses (R/k) of 26.4 and 208 were utilized in conjunction
with a closed system wind tunnel. A detailed examination of the actual rough surface protrusions
indicated that the relative roughness values should be more closely approximated by values of 513 and
38.1. However, friction factors were in close agreement with those of Gow^5 and Powe^6, who utilized
the same experimental system. Surface roughness data were also obtained. Several different attempts
were made to correlate these data with Hikuradse's equivalent sand diameter. Only the mean height
data proved significant. For. the two roughnesses examined, the equivalent sand diameter was seen to
be approximately proportional to the mean height of the roughness protrusions. The constant of
proportionality obtained was 2.6. 
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ABSTRACT

Flow resistance characteristics were obtained for turbulent 
flow of air in rough pipes. Two rough pipes which were characterized 
by relative roughnesses (R/k) of 26.h and 208 were utilized in 
conjunction with a closed system wind tunnel. A detailed examination 
of the actual rough surface protrusions indicated that the relative 
roughness values should be more closely approximated by values of 
513 and 38.1. However, friction factors were in close agreement 
with those of Gow^ and Powe^, who utilized the same experimental 
system. Surface roughness data were also obtained. Several different 
attempts were made to correlate these data with Hikuradse's equivalent 
sand diameter. Only the mean height data proved significant. For. 
the two roughnesses examined, the equivalent sand diameter was seen 
to be approximately proportional to the mean height of the roughness 
protrusions. The constant of proportionality obtained was 2.6.



CHAPTER I

INTRODUCTION

The. study of turbulent flow near smooth and rough surfaces has 

been, and continues to be, a long standing topic of concern in the 

field of fluid mechanics. Surface roughness has no effect in laminar 

viscous flows, so long as the roughness protrusions do not appreciably 

alter the surface contour. However, in turbulent motions the nature 

of the flow is intimately associated with any existing surface rough

ness. A better understanding of the flow phenomena linked to surface 

roughness would enhance the design of aerodynamic and hydrodynamic 

vehicles. Also, the prediction of flow resistance behavior for 

existing rough surfaces could be accommodated without the necessity 

of extensive experimental data taken in connection with actual flow 

conditions. A recent study by Dipprey"*" has shown the rough surface 

to be a more effective heat transfer surface when compared with the 

smooth surface in a restricted range of Pfandtl and Reynolds numbers. 

On the other hand, the problems encountered in rocket engine and 

nuclear reactor cooling frequently dictate increases in heat transfer 

at the expense of the required increase in pumping power. This fact 

coupled with the study of Dipprey indicates that the desirable effect 

of increased heat transfer may be attained through the proper 

selection of artificial surface roughness. However, a rational
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selection or determination of surface roughness remains a major problem.

Empirical correlations and semi-"empirical theories are available

for predicting both the flow resistance and the heat transfer in rough

pipes (see Schlichting ), and satisfactory results can be obtained

from these methods. The major drawback encountered in using all these

correlations and theories is that a knowledge of an equivalent sand

diameter for the roughness particles is required. This equivalent Sand

diameter must be obtained by comparison of flow resistance data from
3the fully rough regime with data gathered by Nikuradse . However,

recent s t u d i e s ^ ^ have indicated that the equivalent sand diameter,
3as obtained from the comparison with Nikuradse's data, is an 

arbitrary characterization of a pipe roughness. In all these studies 

the equivalent sand diameter has been found to be larger than the 

average height of the roughness particles, and the ratio of these two 

sizes increases as the actual sand size increases. Thus, this method 

of analysis is satisfactory for existing surfaces where flow resistance 

can be experimentally measured, but it provides absolutely no means for 

selecting a roughness size so that a surface may be designed to yield 

a given flow resistance or desired heat transfer characteristics. It 

would therefore, be extremely desirable, from a design standpoint, to 

have available a method for selecting a roughness size to produce 

desired flow resistance and/or heat transfer characteristics.

The primary purpose of this study will be to perform a statistical
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analysis of two types of sand grain roughness particles in conjunction 

with turbulent flow to determine some physically measurable geometric 

significance for the equivalent sand diameter.



CHAPTER II

LITERATURE REVIEW

Gross flow occurrences in rough pipes are characterized "by the 

friction factor defined as

8 T

p U2
2.1

avg

Blasius was the first investigator to definitely state that the 

friction factor should "be a function of both the pipe Reynolds number 

and a roughness parameter. Since his time it has been well established 

that for a given shape of conduit and kind of roughness,

X = f(HR , k/R) 2.2

where Nr = U D/v is the pipe Reynolds, v = y/p is the fluid kinematic 

viscosity, and k is a linear measure of the wall roughness. The term 

k/R is commonly referred to as the relative roughness, with R being 

the pipe radius.
3In 1933 Nikuradse published the results of a study of a series

3of sand roughened pipe tests using water as the test fluid. Nikuradse 

obtained sand grains which were.to be used as roughness elements.by 

sifting between standard screen sizes. The roughness elements thus 

obtained were of a.rather uniform height and yielded a somewhat 

random shape distribution. Although the use of sand grains as rough

ness elements is somewhat artificial, it is generally found that all
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other roughness types behave in much the same manner in fully rough 

flow (i.e. that flow regime where the viscous sublayer becomes thick 

enough such that the roughness elements are supposed to extend 

completely into the turbulent core of flow). It is this region, the 

region of interest in this study, for which Nikuradse determined the 

following friction factor relationship

IX = -------------- -----A 2.3
(1.74 + 2 LOG(R/k))

where, following Nikuradse, k is the average depth of roughness. 

Equation 2.3 indicates that the friction factor is independent of the 

Reynolds number and a function only of the relative roughness R/k.

Since Hikuradse's work it has become common practice to express 

the roughness of a pipe of unknown roughness in terms of an equivalent 

sand diameter. In actual practice this is done by measuring the 

friction factor, as defined in equation Zl3 in the fully rough flow 

regime and then, using equation 2.3, calculating the equivalent 

sand roughness which would yield this same friction factor.

Recent investigators^’̂ ’̂  however, have indicated that, for 

large roughnesses, a sand diameter as obtained from the average screen 

sizes is significantly smaller than the equivalent sand diameter as
Uobtained from equation 2.3. Robertson et_ al. found the ratio of the 

equivalent to the average roughness height to vary from 1.03 to 1.35 

while considering the flow of air in a 3 inch diameter pipe, while
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5 6Gow and Powe obtained values of 1.0 to 2.3 using air in a 12 inch 

diameter pipe. Thus, there is a strong indication that the equivalent 

sand diameter is an arbitrary characterization'of a surface,roughness.
YMore recently, Brown and Chu have conducted experiments to 

determine whether a root-mean-square value of rough surface protru- ■ 

sions is related to the Nikuradse equivalent sand diameter for open 

channel flow. Although their conclusions seem to contradict their

results, the rms concept does merit deeper investigations.
8DeVor and Wu introduce the use of parametric stochastic models 

of the autoregressive-moving average (ARMA) class for surface profile 

description. The authors consider three basic structural components 

in a typical surface profile.

1. Waviness or secondary texture
2. Roughness or primary texture
3. Surface lay or errors of form

The three structural components of the profile are classified 

mathematically as arising from two basic elements of the total 

profile variation: (a) a deterministic element and (b) a stochastic

element. The deterministic element comprises the waviness or 

periodic trend in the profile. The stochastic element encompasses 

both roughness and error of form. .

The authors point out that their autocorrelation theory and 

spectrum analysis used in the stochastic modeling within the frame

work of ARMA modeling should be used only as tools for model
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identification and are not put forth as models, for surface profiles. 

Furthermore, the ARMA modeling technique seems primarily suited for 

surfaces produced "by the more sophisticated machining techniques such 

as milling and boring.

It is clearly evident that much work needs to be done in the area 

of surface roughness characterization before the designer can make a 

rational selection of a surface roughness for optimization of flow 

resistance and heat transfer characteristics.



CHAPTER III

EXPERIMENTAL SYSTEM

The. experimental system illustrated schematically on Figure I 

was employed throughout the investigation. It is essentially the 

same system as that employed by Powe^ and Gov'*. Because the system 

had been down for a period of one year for relocation purposes it was 

necessary to repeat the flow resistance recording as Robertson^ et_ al. 

noticed a pronounced effect on pipe roughness when their system had 

been left idle for longer than a year. The experimental system 

consists of a closed circuit wind tunnel comprised of one foot diameter 

aluminum irrigation pipe. Constant temperature hot wire anemometry ’ 

apparatus is included with the system.

Air is discharged from a centrifugal fan into an approximately 

two foot diameter flexible duct. Flow rates are controlled with a 

manual damper on the inlet side of the fan. The entrance section 

(see Figure 2) contains a baffle plate and a series of screens to 

filter the air and dampen turbulence from the fan and return line.

The cross section of the entrance is reduced to slightly above one 

foot square through a transition section in the form of a quarter 

sine wave. Transition from the square cross section to the one foot 

diameter circular cross section is obtained through a short tapered 

sheet metal duct. Sixty-five feet of aluminum pipe are used to ensure
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FIGURE I. SCHEMATIC REPRESENTATION OF THE WIND TUNNEL
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Figure 2

Entrance Section
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fully developed flow at the test section. The pipe is supported on 

adjustable brackets so near-perfect alignment is possible. The test 

section (Figure 3) is mounted on the downstream end of the test pipe 

and consists of a machined section one foot in diameter and a trav

ersing mechanism for radial positioning of the hot wire probes.

Static pressure taps are- installed in the pipe wall and connected 

to a taut diaphragm pressure transducer to measure the pressure drop 

in the pipe. Four taps 90° apart are installed at each axial 

location and connected in parallel to one line that leads to the 

transducer. Thus, at each location, the static pressure recorded is 

the average pressure at the four static taps. The dynamic pressure 

head is determined for each run with a stagnation pitot tube permanently 

mounted one foot downstream from the test section. The tube is 

positioned in the center of the pipe, thus allowing a center line 

determination of the mean velocity.' An MKS Instruments, Inc. 

differential pressure transducer with a stated range of ^  2.0 mm Hg. 

and an accuracy of .00005 mm Hg. is employed to measure pressure 

differentials between any two lines connected to the manifold. The 

dynamic head and absolute pressure measurements are made with a 

Meriam water manometer with a full range of _+ 20 inches' of water 

and ah accuracy of .001 inches of water.

Two automobile radiators through which water is circulated, are 

used as heat exchangers to maintain relatively constant air
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Figure 3

Test Section
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temperatures during a run. The temperature' of the air in the pipe 

was monitored using a conventional mercury thermometer.

All velocity profile measurements were made with Thermo-Systems, 

Inc. constant temperature hot wire equipment. The application of hot 

wire anemometry to turbulent flow measurements has been wide spread, 

and the advantages and limitations are well known. For a detailed 

description of the equipment and techniques employed in this study 

the interested reader is referred to Gow^ or Powe^.

Two roughness sizes are employed with the system. The small 

roughness has an average diameter as obtained from the screen sizes 

of .0286 inches, while the large roughness has an average diameter 

of .225 inches. The roughness particles are glued to the entire 

65 foot portion of pipe with a water-soluble glue. Figures Ua and 

5a illustrate the actual individual sand sizes and shapes, while 

Figures Ub and 5b show the spacing attained with both roughnesses. 

Measurements of the friction factors indicate that the pipes still have 

a uniform sand surface after storage and relocation.

To obtain the necessary data for surface profile description the 

piece of equipment shown in Figures 6 and 7 was designed and fabricated 

in the Mechanical Engineering shops at Montana State University. 

Attached to a standard height gage is a non-rotating-spindlev, screw 

feed, depth micrometer. To the spindle of the micrometer is attached 

a Shefield electronic surface probe which is sensitive to the
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Figure 4a and b

Small Roughness Element Distribution
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Figure 5a and b
Large Roughness Element Distribution
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Figure 6

Surface Profile Probe Assembly
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Figure 7

Surface Profile Probe in Test Position
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slightest longitudinal movement of the stylus. The stylus portion 

of the probe is a modified scribber tip with a tungsten-carbide 

working end. The actual diameter of the working end is .003 inches. 

The entire apparatus is attached to a three point mounting fixture 

for attachment to the pipes. When the assembly is properly aligned 

in the pipe, measurements to within + .0002 inches perpendicular 

to the pipe wall and +_ .001 inches parallel to the pipe wall are 

possible.



CHAPTER IV

EXPERIMENTAL APPROACH

Because Robertson et al. discovered surface deterioration when 

their system was left sitting idle for a long period of time, it was 

necessary to redetermine the equivalent sand diameter for each rough

ness. Anew set of friction factor-Reynolds number data were needed. 

Examination of equation Itdreveals that three' quantities must be 

obtained experimentally, i.e. , the wall shear stress Tq , the fluid 

density, p , and the bulk velocity, . The wall shear stress,

T , is related to the pressure drop along the pipe by a simple momentum 

balance, i.e..

T =-£o 2 3Z It.I

where Z denotes the axial direction in the pipe. The fluid density 

is easily obtained from the ideal gas law-. ' The average or bulk 

velocity can be calculated from a numerical integration of experimen

tally determined velocity profiles.

Although the' required data could be obtained using the

procedures just outlined, the time required for complete data 

recording is not justified. Consequently, a method approximating 

friction factor values from pressure drop, dynamic head, and tempera

ture data was utilized.
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By definition the average or bulk velocity. avg' is

Uavg A 4.2

For flow in smooth pipes Prandtls mixing length theory results in 

the following equation

+ I +U = c +  —  Iny 4.3

which predicts point mean velocities quite well except at the pipe 

centerline and near the wall. Nikuradse has shown that an equation 

of the form

U+ = d + pr In (Y /K ) 4.4

is adequate for rough pipes and flow in the fully rough regime, 

except at the pipe centerline and near the wall. Substitution of 

equations 4.3 and 4.4 into equation 4.2 yields, after integration

Smooth: 1.5/K + I  ln(y+) 4.5

Rough:
V = * - I - 5 /K + — ln (^~) ' 4.6

If equation 4.5 is subtracted from equation 4.3, the result is

U-U-Hg.
U* I [ln 1+ 1-5] 4.7

This same result (equation 4.7) is also obtained when equation 4.6 is
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subtracted from equation 4.4. Thus, it is apparent that equation 4.7 

is valid for flow in both smooth and rough pipes.

Evaluating equation 4.7 at the pipe centerline and solving for 

K yields

K = U
1.5 U* 
- U 4.8

where is the maximum mean velocity (centerline value). Thus,

evaluation of the empirical constant, K, allows determination of the 

bulk velocity from pressure drop, dynamic head, and temperature data. 

With the necessary friction factor-Reynolds number data available 

the equivalent sand diameter was determined by comparison of those 

data lying in the fully rough flow regime with Nikuradse's data.

This was conveniently accomplished by using equation 2.3.

Using the surface profile analyzer previously described, a 

series of longitudinal roughness profiles were obtained. Four distinct 

profiles were taken at equally spaced angular positions in a selected 

pipe for each roughness. In addition one other profile was taken at 

a randomly selected position, different from the foregoing profiles.

The roughness profile obtained for the larger roughness pipes 

consisted of a series of point measurements taken at equally spaced 

longitudinal increments of .01 inches. The entire profile length 

was 2.25 inches or at least ten average particle diameters. This 

method of approach seemed to yield a rather accurate representation of
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a surface profile. Initially.it was felt that the same type of 

surface profile could he obtained for the smaller roughness pipes.

But the physical limitations of the surface profile analyzer ruled 

out this possibility. It was simply not possible to visually detect 

the small longitudinal movements which were necessary to obtain an 

accurate surface profile. Longitudinal increments of .01 inches were 

chosen for the small roughness measurements, and profiles obtained 

were considered to be random samples.' Thus, the same methods of 

analysis could be applied to both' the large roughness data and the 

small roughness data. The treatment of the surface profile data is 

discussed in the next chapter.



CHAPTER V

EXPERIMENTAL RESULTS '

A. Mean Velocity Distributions and Flaw Resistance Data

The mean velocity distributions for the two roughness types are

shown in Figures 8 and 9- For the large roughness pipe, the- constant

K as defined by equation U-7 was determined to be .297, while for the

small roughness pipe the constant K was determined to be .395. Using

these results the Reynolds number-friction factor curve shown in Figure

10 was generated. Comparison of those data lying in the fully rough
3regime with Nikuradse1s data resulted in equivalent sand diameters for

small and large roughness of .0279 and .433 respectively. Both Gow^
6and Powe obtained values of .0280 and .52. Thus, it was apparent that

the large roughness pipes did undergo a surface deterioration, while

the small roughness pipes showed no such deterioration. As was noted
6 ' 5 (by Powe and Gow , the equivalent sand diameter, Kg, for the small rough

ness pipe was in very close agreement with the average particle diameter 

as obtained from the screening process, and the equivalent sand diameter 

for the large roughness pipes was greater than the average particle 

size by a factor of 2. However, it will be shown in later sections 

that the average particle size as obtained from the screening process 

is not necessarily representative of the average height distribution 

of the actual roughness elements when placed in the pipes.
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E. Rougliness Profiles

Figures 11 and 12 illustrate the roughness profiles obtained 

using the procedures described in Chapter IV. The mean height of the 

profiles are given in Table I . It is readily apparent that mean 

heights given in Table I are much different than the mean particle 

diameters as obtained from the screening process. This apparent 

discrepancy can. be readily explained by considering the nature of 

the roughness elements. The basic screening stocks from which the 

roughness elements were obtained consisted primarily of crushed 

gravel. The United States Standard sieves used for screening were 

constructed with square, wire apertures. Thus, it was entirely 

probable that a good many roughness elements screened were character

ized by a long slender shape. When these elements were glued to pipe 

walls, it was most likely that they were oriented such that the 

height protrusions were much smaller than the characteristic length 

which allowed them to pass through the screens. Furthermore, the fact 

that the screening stocks were crushed gravel, gives rise to a high 

degree of angularity in the individual particles. Close visual 

examination of the particles in place verifies the high degree of 

angularity of the roughness elements. Thus, it would seem logical to 

expect that a rough surface comprised of sharp jagged elements would 

yield an average height somewhat less than an average diameter as 

obtained from a screening process. It should be noted at this point.
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T A B L E  I - M E AN  H E I G H T  D A T A

PROFILE NUMBER SMALL ROUGHNESS MEAN HEIGHT - INCHES LARGE ROUGHNESS MEAN HEIGHT- I N C H E S

I .0120 .1620

2 .0108 .1940

3 .0110 .1304

4 .0159 .1571

5 .0101 .1606

AVERAGE . o n e .1560
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that the rough surfaces that Hikuradse employed in his classic work, 

were not characterized by the high degree of angularity as was noted 

in this study. In fact Hikuradse employed a type of sand that was 

almost spherical in nature. Furthermore, he noted in his work that 

the average particle size as obtained from the screening process and 

the average height protrusion of the roughness element when placed 

in the pipe were nearly identical. It may be instructive to consider 

an analogy at this point. Consider two mountain ranges of approximately 

the same maximum height. But let one range be characterized by sharp 

jagged peaks with steep valleys and let the other be characterized 

by many rolling hills. It is quite easily seen that the mountain 

range comprised of rolling hills will have an average height much ■ 

greater than that of the mountain range comprised of jagged peaks.

None of the foregoing paragraphs, however, explain the apparent 

discrepancy between the equivalent sand diameter and a mean particle 

height as cited in the literature. Thus, one of the first attempts 

to correlate a physical parameter of the rough surface was the 

examination of the root mean square heights of the roughness profiles, 

where the rms height a is defined as

X is the point gage reading as obtained from the apparatus described in 

Chapter III and X is the mean point gage reading, n is the total
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number of gage readings. Following Brovm and Ch-J, the ratio of 

equivalent sand diameter, Kg, to twice the rms height, o , was formed. 

Table 2 summarizes these results. It would appear that the rms height 

does not yield a simple correlation with the equivalent sand diameter.

As a second attempt to obtain meaningful results from the rms 

height data, it was hypothesized that stable eddies may exist in the 

deeper crevices between the roughness particles.' These eddies would 

have the effect of.raising the effective flow boundary from the wall.

To test this hypothesis, rms heights were computed by eliminating 

those.data below specified heights based on a percentage of the 

maximum height. The results of these computations are shown in Table 

3 for elimination of those data up to 30% of the maximum height. Again, 

no meaningful correlation was indicated. It was decided at this point 

to abandon the rms concept and return to the mean height data. Forming 

the ratio of the equivalent sand diameter to the mean particle height 

yielded the results, summarized in Table ^. It is noted that the 

difference between the average values of the two ratios is approximately 

14%. The closeness of these results indicates that for a. given rough

ness the equivalent sand diameter is directly proportional to the 

mean particle height. The constant of proportionality may depend on 

the angularity of the roughness elements. It would further seem that 

the limiting case, i.e. the equivalent sand diameter equal to the mean 

particle height, would occur for those roughness particles similar to



PROFILE NUMBER SMALL ROUGHNESS LARGE ROUGHNESSRATIO RATIO

T A B L E  2 - KsZlo

I 1.43 2.66

2 1.52 2.46

3 1.49 3.70

4 1.55 2.96

6 1.38 2.56

A VERAGE 1.47 2.85



T A B L E  3 - K /2a FOR 5% D A T A  ELIMINATION s

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I T.89 2.95

2 1.90 2.57

3 1.65 3.70

4 1.94 2.96

5 1.70 . 3.43

AVERAGE 1.81 3.12



T A B L E  3 - Kg/20 FOR 10% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS . LARGE ROUGHNESSRATIO RATIO

I 2.15 3.05

2 1.92 2.59

3 2.01 4.13

4 2.01 3.59

5 2.00 3.53
'

AVERAGE 2.01 3.37



T A B L E  3 - Kg/ 2a FOR 15% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 2.22 3.21

2 2.20 2.69

3 . 2.26 4.32

4 2.09 3.68

5 2.40 3.62 .

AVERAGE 2.23 3.50



T A B L E  3 - Kg/ 2a FOR 20% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 2.27 3.48

2 2.47 2.80

3 2.47 4.61

4 2.19 3.90

5 2.60 3.72

AVERAGE 2.40 3.70



T A B L E  3 - Kg/ 2a FOR 25% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO ' LARGE ROUGHNESS RATIO.

I 2.36 3.62

2 2.58 2.86

3 2.60 4.79 -

4 2.29 3.88

5 2.75 3.88

A VERAGE 2.51 3.86



T A B L E  3 - Kg/ 2a FOR 30% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 2.48 3.81

2 2.73 2.96

3 2.69 4.91

4 2.46 4.26

• 5 2.90 4.03 .

AVERAGE 2.65 3.99



T A B L E  4 - K /kS

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 2.31 2.67

2 2.53 2.23

3 2.53 3.32

4 1:91 2.75

5 2.76 3.05

AVERAGE 2.42 2.80



that employed by Nikuradse. The same hypothesis as tested previously 

for the rms height data, i.e. the stable eddy hypothesis, was tested 

with the mean height data. These results are summarized in Table 5. 

The hypothesis again failed to yield usable information for this 

study.

A plausible explanation to the difference between the equivalent 

sand diameter and the mean particle height may be obtained by 

considering the mountain analogy. For jagged mountains with a high 

degree of angularity a great deal more turbulence is induced when the 

mountain range is subjected to a wind. The large eddies formed when 

the air flows over the peaks tend to greatly impede the flow process. 

While the rolling hills would offer much less resistance to air flow 

than would the jagged peaks. Returning to the sand roughness 

particles, it is postulated that the degree of angularity of the 

roughness elements must be taken as. a parameter in describing the 

actual rough surface. Furthermore, surfaces of a high degree of 

angularity, characteristically offer high resistance to turbulent 

flow. Restating, it may be said that a surface of a high degree of 

angularity produces flow resistance characteristics similar to a 

surface of a low degree of angularity but of larger' characteristic

dimensions.



/

T A B L E  5 - Ks/k FOR 5% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I ■ 1.83. 2.71

2 1.85 ' 2.40

3 2.15 3.64

4 1.75 2,75

5 ■ 2.20 2.69

AVERAGE 1.95 2.83



T A B L E  5 ~ K / k  FOR 10% D A T A  ELIMINATIONS

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 1.88 2.99

2 2.12 2.63

3 2.00 3.80

. 4 1.97 2.95

5 2.25 3.01

AVERAGE 2.04 3.07



T A B L E  5 - KsA  FOR 15% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESSRATIO LARGE ROUGHNESS RATIO

I 2.20 3.22

2 2.22 2.96

3 2.09 4.05

4 2.29 3.01

5 2.40 3.43

AVERAGE 2.24 3.33



TABLE 5 - Ks/k FOR 20% DATA ELIMINATION
■PROFILE N UMBER SMALL ROUGHNESS LARGE ROUGHNESS

RATIO RATIO

I 2.47 3.43

2 2.32 3.19

3 2.21 4.57

4 2.61 3.33

5 2.76 4.16 .

AVERAGE 2.47 3.73



T A B L E  5 - Kg/k FOR 25% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 2.88 3.82

2 2.67 3.75

3 ' 2.48 4.97

4 3.03 3.72

5 3.02 • 4.52

AVERAGE 2.81 4.15



T A BL E  5 - K /k FOR 30% D A T A  ELIMINATION

PROFILE NUMBER SMALL ROUGHNESS RATIO LARGE ROUGHNESS RATIO

I 3.33 4.22

2 3.04 4.18

3 2.75 5.90

4 3.38 3.87

5 3.40 5.66

AVERAGE 3.18 4.76



CHAPTER VI

CONCLUSION

The objective of this experimental investigation was to obtain 

some physically measurable parameter associated with the equivalent 

sand diameter as introduced by Schlichting. This objective was 

satisfied to a limited degree. The following are given as conclusions 

and recommendations for future work.

1. A root-mean-square height of rough surface protrusions 
does not adequately describe a surface roughness, with respect 
to the equivalent sand diameter.

2. The stable eddy hypothesis, i.e. a stable eddy existing 
in the larger crevices between roughness elements which would 
move the effective flow boundary away from the wall, failed to 
yield any height correlation with the equivalent sand diameter.

3- A mean roughness element protrusion appeared to be 
directly proportional to the equivalent sand diameter. However, 
the constant, of proportionality obtained is valid only for the 
types of roughness elements utilized in this investigation.

4. Further investigations should be centered around 
obtaining data for roughness elements of different degree of 
angularity.
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