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INTRODUCTION 
. . · L----:--------

�-·. 

Plaster of paris c�sts· of the invert roughness were obtained from 
the Nevada spillway tunnel near stations 22+50 and 32+60. · Most of· -
the invert has suffered extensive erosion._ Thi� probably occuired 
during the diversion flows while the dam was being constructed. The 
cast at station 22+50 is representative of areas that have not suffered 
extensive erosion damage. The cast at· station 32+60 is located down-
stream of the hori zonta 1 b�nd 1 n the· spil 1 wa.i tunne 1 • · Due to secondary · 
currents as the diversion discharges passed around the _bend,· the 
el"osion at this location is mo�e severe._· -� 

Estimation of t·he -�avitation characteri.sti�� of the two areas =·w�s: 
-
made by testing the casts 1n the LAPC- (low ambient pressure chamberr 

·t 

_. _.j_� the Hydraulics. Laboratory. The purpose of the tests was to deter�:-�--
mi ne if the invert requires any special repair treatment or if it · · 

· can remain in its present state. Since flow conditions in the chat .. ber · · are.significantly different from those in the_field, a method was 
developed to predict the pe�formance of the prototype from the model 
obseryations. · · · .-. 

· 
.. .-

-The cavitation characteriitics of the i;st samples�as determined .· 
in the LAPC were compared to t�e cavitation index of the flow in· 
the spillway tunnel. The flol-1 index 1s determined from a compute.r 
program which needs the surface roughness as.an input parameterQ 
If the cavitation index of the roughness is greater than the index 
of the flow, then the roughness will cavitate. Whether the _cavitation 
will produce damage is a function of the quantity of air in the water, 
the severity of the cavitation as indicated by the cavitation indices, 
and the exposure time of the surface to cavitation. . :-· 

The purpose of this memorandum is to describe the test facility, 
to provide detailed descriptions of-methods used to determine tne-··� surface resistance of the plaster casts, to show how the model.results. 

--:... . .-L� . · . .  
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are scaled to the prototype values and to provide recommendations 
for the repair of the tunnel invert considering the cavitation potential 
and the beneficial effects of aeration. 

TEST FACILITY 

A test tunnel was constructed within the LAPC which allowed for the 
determination of both the surface resistance of the plaster casts 
and their cavitation characteristics, figure 1. The test tunnel 
consisted of a 4-inch by 6-inch rectangular section about 10 feet 
long. The flow enters the tunnel after passing through a stilling 
chamber, which contains baffles and a metal transition. The com
bination of the stilling chamber and the metal transition produces 
a blunt velocity profile at the upstream end of the tunnel. 

The tunnet is constructed from Plexiglas and has the provision for 
insertion of test samples about 6-feet downstream from the entrance 
of the tunnel. The size of the samples which can be tested are 4 inches 
by 11 inches. At the site of the test section, the boundary layer 
is about 1 inch thick. 

Velocities in the t�nnel are measured with a laser doppler anemometer. 
Pressures are measured with either piezoelectric or diaphragm type 
pressure transducers. The piezoelectric transducers cannot measure 
the static pressure but they have a very high frequency response. 
Therefore, they are very useful in detecting cavitation. 

.the LAPC can achieve pressures as low as 1.0 lb/in2 absolute. The 
maximum average velocity used in these investigations was about 33 ft/s. 

SURFACE ROUGHNESS . - -
In or.der to determine the water surface profile, the boundary layer 
thickness, and the cavitation index of the flow, an accurate value 
of the surface roughness must be input into the computer program. 
In the past it has been practice. to calculate the water surface profile 
using Manning's "n". However, estimation of Manning's 11n 11 is very 
difficult. In addition, Manning's "n 11 does not account for flow 
in the transition range between smooth and fully rough turbulent 
flow. Therefore, the current computer program uses the more modern 
concept of sand grain roughness and a modified form of the Colebrook-White 
equation as applied to open channel flow to calculate the boundary 
resistance. 

Two methods of determining the sand grain roughness are possible. 
One is to determine the surface resistance from observations of the 
flow in the LAPC. The other is to determine the sand grain roughness 
from physical measurement on the plaster cast. The two methods should 
yield the same result. 

The following sections describe the techniques to determine the sand 
grain roughness from the flow observations in the LAPC and from physical 
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measurements of the plaster casts. The results are used in the computer 
program to calculate the water surface profiles and the cavitation 
index of the flow for the case of no aerator in the spillway tunnel. 

Determination of Sand Grain Roughness from Flow Measurements. � The 
surface resistance of the plaster casts was determined in the LAPC 
from measurements made with and without the sample placed in the 
test section. Then through application of the momentum equation 
the shear stress on the sample can be determined, figure 1. 

The momentum equation for the test section without the sample is 
given by 

A*(Pl - P2 ) - 2 *L*(Tp*H + Tp*W) = p*Q*(S2*V2 - Sl*Vl) 

where A= Cross-sectional area of test section 
Pl =·upstream pressure 
P2 = Downstream pressure 
L = Length between pressure taps 

Tp = Wall shear stress 
H = Height of test section 
W = Width of test section 
p = Density of the water 

el= Upstream momentum correction factor 
e 2 = Downstream momentum correction factor 
Vl = Upstream average velocity 
V2 = Downstream _average velocity 
Q = Discharge 

Since from continuity Vl = V2, the shear stress is given by 

Tp = R*(Pl P2)/L - p*R*V2*(S2-$1)/L(2 ) 

where R = Hydraulic radius 

(1) 

Similarly the momentum equation for the test section with the plaster 
cast installed is given from 

A*(P3 -P4) - 2*L*TP*H L*TP*W - (L - Ls)*TP*W - Ls*Ts*W = 

P*G*(S4*V4 - S3*V3) 

where P3 = Upstream pressure with sample 
P4 = Downstream pressure with sample 
Ls = Length of sample 
Ts= Shear stress on sample 
$3 = Upstream momentum correction factor 
e4 = Downstream momentum correction factor 
V3 = Upstream average velocity 
V4 = Downstream average velocity 

(3) 

The points 1 and 3 refer to conditions at the same upstream station 
but without and with the test sample, respectively. Similarly, points 2 

and 4 refer to conditions at the same downstream station. 



, .. 
If a series of tests are conducted with and without a sample at con
stant values of discharge, then for each value of discharge 1 = 3, 
and Vl= V2= V3= V4. Under these conditions the average shear stress 
over the sample is given from 

Ts = 1/(Ls*W)*[A*(P3 - P4) + (R*LS*W/L - A)* 

4 

[(Pl - P2) - P*V*V*(B2 - Bl)] -p*A*V2 (84 -83)] (4) 

The tests have shown that for all practical purposes, Bl= 82= 83= S4. 

Therefore the equation can be simplified to 

Ts = A/(ls*W}*[(P3 - P4) - (Pl - P2)] + R/L*(Pl - P2) (5) 

The values thus obtained can be expressed in terms of an average 
resistance coefficient over the length of the sample, which is defined 
as 

A = 8*TS 
P*v2 

(6) 

The sand grain roughness is determined from correlations given by 
Schlichting (6) for fully rough flow over flat plates with a developing 
boundary layer. The equation is 

· · ·y1t!ere 

1/X = 2*log{r/k) + 1.74 

k = sand grain:�oughness 
r = pipe radius 

For a developing boundary layer, the pipe radi . .us was replaced with 
the-�oundary layer thickness, h. 

The values obtained from·the tests are summarized in table 1. 

Table 1. - Effective sand grain roughness measured in the LAPC 

Station 

22+50 

32+60 

Velocity 
frb� 

18.44 
22.54 
29.72 

18. 44 
22.54 
29.72 

X 

0. 073 
0. 067 
0. 063 

0. 110 
0. 090 
0. 080 

ft 

0. 024 
0. 0 17 
0. 0 15 

0.035 
0. 0 19 
0. 0 17 

(7) 
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Scaling Measured Sand Grain Roughness to Prototype Values. - The 
surface roughness is described by a parameter called the "sand grain 
roughness." Jhe correlation between this parameter and the velocity 
distribution·was determined by Nikuradse (1) .  In his experiments 
sand grains of various sizes were glued to a pipe and the velocity 
distributions were obtained. These distributions were then correlated 
with the resistance to flow. The technique was good. However, to 
keep the sand grains on the pipe it was necessary for nim to cover 
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the grains with a coating of. lacquer. This coating essentially decreased 
the height of the individual grains. 

Kamphius (2) studied the effect of the coating by repeating the tests 
using better glues which did not require the lacquer coating. The 
problem was also studied by Brown and Chu (3) of the Corps of Engineers, 
and by Riedel (4). The results of these studies show that the equivalent 
sand grain roughness is actually larger than a characteristic dimension 
of the sand. · Since the sand is not of uniform size, the characteristic 
dimension is usually taken to be the size of sieve which will pass 
90 percent of the sand. 

Kamphius showed that the relative sand grain roughness (k/D) is a 
function of the relative flow depth (d/D) and the Reynolds number 
of the flow, figure 2. For flow in the fully rough zone, the Reynolds 
number is not a significant parameter. In the above ratios, the 
values are defined as follows: 

d = flow depth 
D = 90 .percentile grain size 
k = equivalent sand grain roughness 

The parameters in the analysis of Kamphius wer� modified slightly 
for·this study. With a developing boundary layer, the significant 
parameter is actually the boundary layer thickness and not the flow 
depth. For this reason, the dimensionless plot shows boundary layer 
thickness and not the flow depth. as the independent variable, figure 2. 

From the above discussion it should be apparent that scaling refers 
to accounting for the boundary layer thickness. The effective sand 
grain roughness with a thin boundary layer is much less than the 
effective sand grain roughness with a thick boundary layer. Thus, 
values of the effective sand grain roughness determined in the labora
tory with thin boundary layers need to be corrected to prototype 
values where the boundary layer is generally much thicker. 

To use the curves of Kamphius, it is necessary to know the boundary 
layer thickness and the 90 percentile grain size. The boundary layer 
thickness is determined from physical measurements in the model. 
Whereas in the prototype, the boundary layer thickness must be estimated 
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by appropriate equations. The appropriate equations have been coded 
into the water surface profile program used to investigate the occur
rence of cavitation in the spillway. The 90 percentile size of the 
grains on the· surface is determined from physical measurements. 

Measurements taken from the centerline of the plaster casts at �ven 
1/2-inch intervals were used to determine the 90 percentile size 
of the grains, figure 3. In this case it was assumed that the devia
tions from a plane were equivalent to the size distribution obtained 
by passing the aggregate through a sieve, figure 4. 

The pertinent parameters for the two plaster casts are given in the 
following table: 

Table 2. - Determination of effective sand grain roughness in the 
prototype 

D h* k 

Station ft ft h/0 k/D** ff 

,: 
22+50 .0154 5.2 338 2.5 .038 
32+60 .0292 9.6 329 2.5 .073 

*Estimated by the computer program 
�-*From figure 2 

'T�e equivalent sand grain roughness for the prototype, kp, given 
in table 2 is about twice the value measured in the model, table 1. 
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The model values compare favorably with the curves presented by Kamphius, 
figure 2. 

� PREDICTION OF CAVITATION INDEX OF SURFACE IN FIELD 

The cavitation indices of the two casts were determined in the LAPC 
for free stream water velocities of 18. 44, 22. 54, and 29.72 ft/s. 
It was observed that cavitation began at isolated points on each 
surface which corresponded to high points on the large individual 
pieces of aggregate. As seen from a distance, these pieces of aggregate 
give the appearance of an almost uniform surface, figure Sa. However, 
when examined at close range the surface texture is characterized 
more by a uniformly rough surface having almost hemispherical protru
sions, figure 5b. 

A theory to predict cavitation over an irregular surface has not 
been developed. Previous investigations have concentrated on either 
a uniformly rough surface or on isolated irregularities protruding 
from a smooth surface. Therefore, these studies were used for guidance 
in interpreting the results from the LAPC. 
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Arndt, et. al. (5) reported on investigations of the cavitation charac
teristics of hemispheres protruding from a smooth surface, The correla
tion, which has a theoretical basis, to predict the inception of 
cavitation is of the form: 

0 .30 0. 01 
qr = 0 .439*(Ho/h) * (V*h/Nu) 

where Nu = kinematic viscosity of water 
Ho = height of hemisphere 
h = boundary layer thickness 
V = velocity outside of boundary layer 

To obtain a correlation for the irregular surfaces, it was assumed 
that the height of the offset could be replaced by the 90 percentile 
grain size. In addition, it was assumed that only the value of the 
constant multiplier had to be changed to account for the difference 
in the definition of the height of the irregularity. Thus it is 
necessary to determine from model tests the value of the coefficient 
11a 11 in the equation 

q·m a = ---------
1 0. 30 0 .01 

(0/h) * (V*h/Nu) 
where am

= cavitation index from model tests. 

The experimental invest�gation gave the following values: 

Table 3 .  - Experimental· values of constant in cavitation index 

Station 
Velocity 

am· f1J/s a 

22+50 18. 44 L26 1.88 
22. 54 1. 15 1. 71 
29. 72 1. 34 1. 99 

Average 1.86 

32+60 18.44 1. 41 1. 73 
22.54 1. 39 1 .  70 
29.72 1.37 1.67 

Average 1. 70 

Thus the equation for the cavitation index of the plaster casts �r 
is 

0. 30 0.01 

(8) 

(9) 

0r= a*(D/h) * (V*h/Nu) ( 10) 

where a is determined from the above table 
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By inserting the proper values for the velocities and boundary layer 

thicknesses at the two stations into equation 10 it was found that 
the cavitation index of the surface is given by:· 

Table 4. - Incipient cavitation indices for prototype surface 

Station 
Discharge 

ft.3/s or 

22+50 20,000 0. 36 
50, 000 0. 37 

100,000 0. 38 
200,000 0. 39 

32+60 20,000 0. 38 
50, 000 0. 38 

100,000 o. 37 
200,000 0. 37 

EVALUATION OF THE RESULTS 

The results of the study seem to indicate that damage to the invert 
of the diversion tunnel should have occurred between stations 20+00 
(the P. T. )  and station 25+50 during the flood of 1983. [1] In this 
region the cavitation index of the flow is less than the cavitation 
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· ··in.dex of the surface roughness in the invert for discharges up to 
20,000 ft3/s, figure 6. There were a couple of mitigating circumstances 
which prevented the damage. First, sweepout of the tunnel occurs 
for flows between 5, 000 and 10,000 ft3/s. Thus, for discharges less 
than-�he sweepout discharge, no cavitation damage to the invert would 
be e�pected. 

For flows between 10,000 and 20,000 ft3/s, natural aeration enters 
the flow through the water surface. The air entrainment starts near 
the P.T. and continues on past station 25+50. Thus, for all of the 
flows which were �assed through the tunnel, natural aeration was 
occurring. The cavitation damage which had occurred in the elbow 
probably contributed to the aeration. The reason is that the flow 
depth was approximately equal to the depth of the damage. Therefore 
the flow through the damaged area would be highly turbulent, appearing 
very much like the flow through a steep mountain stream. 

Another equally important.mitigating factor is the small difference 
between the cavitation indices of the flow and of the surface rough
ness. Even though the surface will_ cavitate, the intensity of the 

[1] Note: The diversion tunnel stationing does not correspond to 
the stationing on the inclined section of the spillway. The equation 
connecting the two is Spillway Station 12+09.71 = Diversion Tunnel 
Station 20+02. 09. The stations given on figure 6 refer to the spillway 
stations. 



cavitation will be low and hence its potential for producing damage 
will be small. This effect cannot be quantified at the present time 
although research promises s�ne definitive answers in the near future. 
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Above 20,000 ft3/s- nitural aeration does not occur. Without an aerator, 
damage would be expected to develop in the invert. In the past, 
the repair criteria would have required the complete removal and 
replacement of all of the invert which had suffered erosion type 
damage. However, the tests at Glen Canyon Dam and the·experience 
gained during the spill at Hoover in 1983 both demonstrate the protec-
tion air provides to damage from cavitation. 

RECOMMENDATIONS 

Due to the fact that aerators are being installed at Hoover and due 
to the small difference between the cavitation index of the flow 
and that of the surface irregularities, replacement of the invert 
is not recommended for the Nevada spillway tunnel at Hoover Dam. 

ACKNOWLEDGMENTS 

The excellent work by Mr. Brian Becker who was in the laboratory 
on a rotation assig�ment is gratefully acknowledged. He did most 
of the testing in the LAPC and contributed significantly to the analysis 
and figure preparation in this memorandum. 

Copy·to: D-1311 (Tyler) 
0-1530 
D-1530A 
0-1531 (PAP file) 
0-1531 (Houston 
D-1532 
0-1532 (Mefford) 

�R:W Y T. I'A;:. �'l.:Y 

Prent W. Mefford 



·� 

.. 
REFERI:.NCES 

1. Nikuradse, J., Stroemungsgesetze in rauhen Rohren, VDI-Forschungsheft 
361, Beilage.zu Forschung auf dem Gegbiete des Ingenieurswesens, 
Ausgabe B, Band 4, July/August 1933. 

2. Kamphius, J. W. , Determination of Sand Roughness for Fixed Beds, 
Journal of Hydraulic Research, Vol. 12, No. 2, 1974. 

3. Brown, B. J. , Chu, Y. H. , Boundary Effects of Uniform Size Roughness 
Elements in Two-Dimensional Flow in Open Channels, U. S ... Army Waterways 
Experiment Station, Corps of Engineers, Miscellaneous Paper H-68-5, 
1068. 

4. Riedel, H. P., Direct Measurement of Bed Shear Stress Under Waves, 
Queen's University, Ph. D. Thesis, 1972. 

5. Arndt, R.E.A., Holl, J. W. , Bohn, J. C., Bechtel, W. T., Influence 
of Surface Irregularities on Cavitation Performance, Journal of Ship 
Research, Vol. 23, No. 3, pp. 157- 170, September 1979. 

6. Schlichting, H. ·, Boundary-Layer Theory, McGraw-Hill Book Company, 
7th Edition, 1979. 



H 

So.rn.f\e. ... - ._._�.,....,_,.. 

LOW AMBIENT PRESSURE 
CHAMBER 

SE.CTION A-A 

.$t.dl,nj Chamber D,ffuser 

. T raASct, on... Te&t Tul\.n.e\ l 

SCHEMATIC OF TEST 

FACILITY 

s��r\e.. 

I 
L � 

Figure 1. - Test apparatus. 



� 

3 ----------------------------------.,...---.. 

-
2. I I I� I ,< I 'vi � -+-----+------1 

0 
0 

s \0 lO 

% 

cp 

<P RESOL1S KAM.PHU\S 

X RESULTS ·FROM RECALC
ULATION OF RIE.OE.L'S 

A CORPS OF E.NGJNE.ERS 

0 MEFFORD 

so 100 200 'tDO 

Figure 2. - Sand grain roughness versus boundary layer thickness. 



-t
 

H
 

4-"
 

0
 

3
 

(lJ
 

7
 

__.
 -

<1
, 

0
 

d
 

..J.;
 

(,,.
 

�
 

t
 

r-f
 

�
 �1 E � 

__.
 

':::,
 

y i
 

t
, )-(()

 
d.

 
3

 

�
�

 
Z

1J
 

..u
 

(S
 

u
�

 
<(

 
(\)

 

�
�

 
�

 
�

 
:J

 
�

 
:J

-2.
 

�
 

cJ
 ,Ji

 
_'§

 
i
�

 
u

 _;
�

 
. 

�
 

..9
 

�
 

. 
_;

 



a • .. 
a 
.,. 

a . .. 
ea 
m· _., ,., 

en 
r 
;.'-· Cl . " 

q -
::... err,� 

. 

o.o 

HOOVER DAM - NEVADA SPILLWAY 

•. • 
·, .. . ' 

'. ' 
i 
'. 
! ' 
i 
� 
I 

i 

- I 
" .. 

i 
'· ' 

"-
� 1.--- �-

--
1000.0 

0-B 10 000 cfs .. _ 
.... .'1 

., 
/ 

.I � 
-......._ / 

fSOOOr-...... I/ 
,. ' 

200CO-
., ""'llA. - ,-._ � 

,. ,..,L 

_ 38(?0C�-.. .. -J 
.... 

.,,,,,.-
� 

,so bo�:: � -· - --

6( --- : .__..... J I IIM 17:V·r'\,. 
\. ........... �_...,. 

...... ,,._ - .___ 

2000.0 

St,at-i.on 

LY" 
� ' 

· .. ,Ill 
.\,, .-,_ -

3000.0 

Figure 6. - Cavitation index of flow. 

.. 
/ 
., 

I 

� 
/ 

� 
,,,... ' 

I 

. ' . " 
....... , !. -----

D 
I/' 

,JJ 

.A " ·, .. 

100 oao'-� 

20201�= 
L.-+ 

L-at �--
:71 

a 

-
a . 
-

C 
0 

0 .J . � 
8 0 en > 

D _, 
t&J 

C! 
� 

a 

§ 
«m.o 

�' .. 



STATXON � 
1. mm 
IZl .. ?'S 

• 121. SIZI 
C 
,4 IZl. 25 

"· mm 
• 
> :-121- 29 

J -m.sm 

w 
-IZl.7S 

-1. mm 
lSI If) ti If) ti IQ s rn � IQ • • • • • • • • 
fll fll ... . ...  N N Cl) Cl) 

• 
IQ ui 

SAMPL.E LENGT 

Figure 3. - Profile on centerline of pl 

STATXON S 
1. IZIIZI 

"·"s 

• "· 512J 
[ 
� "· 25 

"· m" 

-"-25 

w 
J -m. SRI 
w 

-121. 75 

-1. "" 

m IQ fll 111 B u, fll If) 
• • • • • . • s ... ... N N r,J (IJ 

SAMPL.E. LENGTI 



� /00 
" 

�� .. � ·-
-.J.. ................. " .. ..._ 

t; ....Q. 

�-.-2 50 

� e 
a-� 

0 

... JOO 

(L • " '
> -.._ 

+:: '° 
�_a 50 
� '\:) 

§Q 

0 

90 ��l 
c:::::,· 

Sfa 
22+50 

0 0,,/ 0.2 . 0.3 0.4 

0 

. He/ahf of Surface 
I"rregularif/es ., in 

Sfa 
32+&0 

90 

� 
C'r) 
C) 

o�, 0.2 o.3 

Height of 5urfcice 
Irrcgularif les, in. 

0,4 

Figure 4. - Cumulative distribution of surface roughness of casts. 


