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ABSTRACT 

Meld t e s t s  vere performed on the upstream 32-mi portion of the Sa l t  
Lake Aqueduct t o  determine the  safe capacity above the  design value 
of 150 cfs. The section, consisting of 17 reaches of 5.75-ft-dia pre- 
cas t  pipe and 6 reaches of 6.5-ft-dia concrete-lined free-flow horse- 
shoe tunnels, sa fe ly  conveyed 174 cis .  Water surface elevations vere 
measured at 2& open-vent structures and discharges were measured by 
the  color-velocity method. Tables are included of Darcy, Scobey, and 
Manning coefficients for 16 pipeline reaches and Manning coefficients 
f o r  6 tunnels. Friction coefficients indicate excellent hydraulic 
characteristics of flow surfaces. This w a s  ver i f ied by inspecting the 
tunnels; pipelines were not inspected. Discharge measurercent resu l t s  
and coefficients of a 69-in. by 34.5-in. Herschel-type Venturi meter 
a re  included. 
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resistance/ +oughness coefficients/  f ie ld  t e s t s /  surface pr;herties/ 
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INTRODUCPION 

I n  connection with s tudies  f o r  supplying municipal and indus t r ia l  
water to the  Sa l t  Lake Valley under the  Bonnwille Unit of the 
Central Utah Project ,  the  need arose t o  determine the  maximum sa fe  
capacity of the  upstream 32-mile portion of the  Sa l t  Lake Aqueduct. 
The Regional Director, Sa l t  Lake City, U t ~ h ,  requested ass is tance 
t o  plan ard conduct a capacity test. Personnel and equipment were 
furnished from the Division of Research t o  a s s i s r  the  Central Utah 
Projects Office, Provo, Utah, i n  accomplishment of the  required 
t e s t  measurements which were made i n  1966. 

The Sa l t  Lake Aqueduct vas constructed t o  d iver t  a maximum flow of 
150 cubic f e e t  per second (cfs)  from the ou t l e t  works s t i l l i n g  basin 
of Deer Creek Dam, on the  Provo River northeast of Provo, Utah, t o  
a terminal reservoir  near Sa l t  Lake City fo r  municipal use. The 
geographical location and route of the aqueduct a r e  shown on Figure 1. 
The aqueduct was put i n to  service during 1951. Operational experience 
pr ior  t o  1966 indicated tha t  the  aqueduct might safely  convey appreciably 
more than 150 cfs .  The aqueduct is about 42 miles long and the  maximum 
safe  capacity of only the f i r s t  32 miles of the system vas of concern. 
A description of components of the  aqueduct and pert inent physical 
character is t ics  of the  components a r e  presented under the  subheading 
"Description of the  Aqueduct. " 

Hereafter, i n  t h i s  report  "capacity of the  aqueduct" w i l l  by synonymous 
with "maximum safe  capacity of the  aqueduct." 

SUMMARY 

Test discharges of 151 cfs; 174 c f s  and 185 c f s  were used t o  determine 
the  capacity of the Sa l t  Lake Aqueduct from the headworks t o  a point  
damstream of the  6 tunnels i n  the  system. Measurements along the  
test reach of the  aqueduct revealed t ha t  the  system would safely  convey 
appreciably m r e  than the design capacity of 150 cfs.  A t  a discharge 
of 186 c f s ,  the  f r i c t i o n  head of several  inverted siphon pipeline 
reaches created excessive water depths i n  tunnel ou t l e t  vent s t ruc tures  
that  resulted i n  submergence of 4 of the  6 freeflow tunnels. The system 
safely  conveyed 174 cfs .  Water surfaces i n  excess of design gradient 
e l m a t i o m ,  f o r  a discharge of 174 c f s ,  were of minor magnitude and 
occurred only a t  the  f i r s t  2 vent s t ructures  i n  the  system where 
freeboard is not critical. 

Analysis of hydraulic data obtained during the 3 test discharges revealed 
tha t  hydraulic f r i c t i ona l  resistance of the  precast  concrete pipeline 
reaches and concrete lined tunnels i n  the  aqueduct were i n  a low range 
t ha t  could only be provided by excellent  flow surfaces. The excellent  
qual i ty  of flow surfaces i n  the tunnels and vent s t ructures  was confirmed 
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:structures con&ibuted t o  the ab i l l t y  of the aqueduct system t o  safely 
convey &out 25 cfs  m r e  than-the design discharge. 

APPLICATIONS 

The d i rec t  application of reported resu l t s  nay be the future u t i l iza-  
tion of a portion of the Sa l t  Lake Aqueduct to  transport water quantit ies 
i n  excess of the or iginal  design capacity. This extra capacity w i l l  be 
b e n e f i d a l  vhen the t h e  arr ives  t o  deliver Central Utah Project vater 
t o  Sa l t  Lake County, Utah. The low f r i c t iona l  resistance of pipelines 
and tunnels i n  the aqueduct show tha t  construction practices may pro- 
vide be t t e r  flow surfaces than can reasonably be anticipated i n  design 
and tha t  age doen not necessarily decrease the high quality of f lov  
surf aces. The o:hall sat isfactory operation vf aqueduct components 
could encourage consideration fo r  use of similar components i n  the 
future. The consistency of t e s t  resu l t s  is encouraging and provides 
confidence fo r  future use of f i e l d  test methods and equipment employed 
f o r  t h i s  Investigation. A research program f o r  determination of 
hydraulic character is t ics  of e r i s t ing  pipelines and tunnels will, 
benefit from the resu l t s  of t h i s  study. 

Description of the Aqueduct 

The 32-mile long reach of the aqueduct that was tested f o r  msximcrm 
capacity extended from the headworks a t  Deer Creek D m  s t i l l i n g  
basin t o  the th i rd  vent s t ructure downstream of Alpine-Draper 
tunnel. When the aqueduct is used to  deliver Central Utah Project 
water t o  Sal t  Lake County, delivery of th i s  water w i l l  be made a t  
or  near the upstream end of Alpine-Draper Tunnel. Figure 2 is a 
schematic prof i le  of the tested portion of the aqueduct. This 
portion of the single conduit system contains 6 concrete-lined, 
free-flow tunnels. A l l  of the tunnels have a horseshoe section 
diameter of 6.5 fee t ,  invert  slope of -0.0008, design flow depth 
of 5.36 fee t  fo r  a discharge of 150 cfs .  

Vent structures a re  located a t  tunnel portals  and at high points 
along tho aqueduct where the pipeline approaches the design 
hydraulic gradient and where, fo r  pa r t i a l  flows, the hydraulic 
gradient f a l l s  below the crown of the pipe. A typical  vent s t ructure 
located i n  se r i e s  with siphons is shown by Figure 3, and a vent 
s t ructure at a tunnel portal  is shown by Figure 4. The vent structures 
divide the aqueduct into inverted siphons in ser ies  with the six 
tunnels as indicated by Figure 2. The cross section dimensions of 
the hmnels are shown by Section F-F, Figure 4. 



spigot j o in t s  except steel pipe was i n s t a l l ed  H t  locations where the  
hydrostatic head exceeded 165 fee t .  The annular grooves a t  bell-and- 
spigot jo in t s  i n d d e  the pipelines were f i l l e d  with h n d  tamped mortar 
and the  mortar was trowled smooth during construction of t 3 ~  pipelines.  
The steel pipe has an inside diameter of 70 inches, welded longitudinal 
and g i r t h  jo in t s ,  and the flow surfaces a r e  coated with coal  tar enamel. 
S tee l  pipe portions of inverted siphons a r e  iden t i f i ed  i n  Table 4 i n  
connection with hydraulic f r i c t i o n  coeff ic ients  of the  pipelines. 

Hydraulic Gradient Measurements 

The maximum capacity t e s t  of a portion of the  aqueduct afforded 
the oppor:unity t o  measure water surface elevations i n  vent s t ructures ,  
during steady flow conditions, with reference t o  a common datum a s  
opposed t o  measurement of freeboard only i n  the  vent s t ructures  and 
tunnels. These water surface elevations,  along with accurate measure- 
ment of discharge and lnown physi&l features  of the  inverted siphons 
and tunnels, were wed  t o  compute hydraulic character is t ics  of the  
system. This information, especially hydraulic f r i c t i o n  coeff ic ients  
of siphons and tunnels and depth of flow i n  tunnels, provided a basis  
f o r  in terpolat ion of the  capacity of the  aqueduct. This procedure 
eliminated numerous t e s t s  tha t  would have been required to  determine 
the maximum capacity of the  aqueduct. 

During eteady flow conditions with 3 d i f fe ren t  discharges, water surface 
elevations were manually measured and recorded with respect t o  an 
established benchmark at  a l l  except one vent s t ructure  i n  the test?reach. 
Measurements were not p rac t ica l  a t  the  Station 357+30 vent s t ructure  
between Tunnels No. 3 and No. 4. This vent s t ruc ture  was enclosed 
except fo r  a v e r t i c a l  rectangular opening on the s ide  t ha t  was covered 
with a nonremovable screen. This s t ructure  was observed by l i s ten ing  
and looking through the  s ide  screen while t he  aqueduct was carrying 
185 c f s  and the  water surface was not close t o  the bottom of the  
screened opening. Since 185 c f s  is i n  excess of the  capacity of 
the aqueduct, suf f ic ien t  freeboard would ex i s t  i n  t h i s  s t ructure  f o r  
smaller discharges. 

I n  addition t o  water surface elevation measurements i n  the  vent s t ructures ,  
depths of flow were measured inside Alpine-Draper Tunnel with two 
Prandtl-type static-head probes. To avoid water-de~th~fluctuations 
h d i a t e l y  downstream from the t rans i t ion  a t+the tunnel i n l e t ,  the ,; 
upstream water depth probe was located 117 f ee t  downstream of the turtnel 
i n l e t  t r ans i t i on  where water surface marks on the  tunnel l in ing  ' 

indicated the  water surface was f r ee  of waves. A downstream static-head 
o r  water depth probe was ins ta l led  66 f e e t  upstream of the  tunnel ou t l e t  
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i n  recent years, that  can detect  very low concentrations of dye traces 

t rans i t ion  t o  avoid water surface d rawdm at  the tunnel ou t le t .  
Pressure tranmission tubes were extended from each probe t o  a 
momete r  at each end of the tunnel. These pressure-head probe 
ins ta l la t ions  a r e  shown by Figure 5. 

Color Velocity Method Discharge Measurements - -- 
The co lo rve loc i ty  method provides a f a s t  and economical means of 
discharge measurements in long pipelines. This wthod is based upon 
the phenomenon that a slug o r  cloud of t racer  injected i n t o  a conduit 
dl1 trave l  a t  the mean velocity of the  transporting medium provided 
two requirements a r e  fu l f i l l ed .  These requirements are;  tha t  there is 
not a s ignif icant  difference in spec i f ic  gravity of the t racer  and the 
transporting medium, and tha t  the flow path is long (hundreds of pipe 
diameters) so  the length of the flow path required t o  accomplish l a t e r a l  
diffusion of t he  injected t racer  aver the flow cross section is short  
compared t o  the t o t a l  length of the flow path. Also, a long f l o v  path 
w i l l  provide a long t racer  flow time s o  the e f fec t  of a emall time 
e r ro r  w i l l  be minimized. Water soluable dyes, d t h  good fluorescence 
properties, can be used in quant i t ies  so small tha t  a su i tab le  t racer  
cloud has essen t ia l ly  the  same spec i f ic  gravity a s  the transporting 
water. A nontoxic dye, Pontacyl E r i l l i an t  Pink, was used in the aqueduct 
and 47 t o  54 grams of dye, dissolved in water, was  poured in to  the flow 
for  each discharge measurement. Fluorometers. which have become available 

The nllnnerous long Inverted siphons alang the aqueduct, with open vent 
s t ructures  at both ends where dye could be injected and sampled, provided 
excellent f a c i l i t i e s  for  color-velocity discharge measurements. While 
plans for  the capacity test were being made, it became apparent tha t  the  
discharge should be measured near both the upstream end and dowaatrecrm 
end of the t e s t  reach in the event there was a s ignif icant  loss  of 
water in th i s  32-mile long section of the  aqueduct. Upstream and down- 
stream discharge measurements were made addit ionally desirable by the 
location of the longest tunnel in the system near the  damstream end 
of the test reach and by the operational Venturi meter in s t a l l a t i on  
a t  the upstream end of the system. In  the wen t  the tunnel proved t o  
be the l imiting s t ructure  for  maximum capacity, it would be beneficial  
to  know the discharge at the tunnel. The upstream discharge measurement 
could be used t o  check the accuracy of the Venturi meter at Station 2+90. 
Also independent discharge measurements a t  two locations would reinforce 
the va l id i ty  of the measurements. 



The two pipeline reaches used f o r  discharge measurements a re  indicated 
on Figure 2. The upstream reach extended from Station 49+00 t o  
Stat ion 98+21 (upstream headwall of the  Station 9W29 vent structure).  
The downstream discharge t e s t  reach consisted of a s ingle  inverted siphon 
from Station 1523+60 t o  Station 1641+00. The color-velocity dyr solution 
was poured i n t o  the flowing water at  the upstream end of the t e s t  reach, 
and a "zero" time s ignal  was transmitted t o  the  fluarometer operator by 
radio. A t  the  downstream end of the t e s t  reach, a sampie of the  
aqueduct water was continuously pumped through the  fluorometer. As a 
dye cloud passed, the output s ignal  of the fluorometer w a s  used t o  
operate an e l e c t r i c a l  recorder tha t  prodwed an analog t race  of dye 
concentration with respect t o  time. 

The dye cloud flow time was taken as the elapsed time from inject ion 
of the  dye t o  the peak of the cloud at  the sampling s t a t i on  as 
i l l u s t r a t ed  by Figure 6. This flow time was corrected by subtraction 
of the rime required f o r  the pumped sample of water t o  t rave l  from 
the aqueduct t o  the fluorometer at the  sampling s i t e .  The aqueduct 
discharge was computed by dividing the  pipeline t e s t  reach volume, 
i n  cubic fee t ,  by the  corrected flow time, i n  seconds. 

, 
The volume of the  downstream color-velocity test reach was composed 
of 9,670 l i n e a l  f ee t  of 69-inch ins ide diameter concrete pipe and 
2,180 l i n e a l  f ee t  of 70-inch inside diameter steel pipe. The upstream 
t e s t  reach contained 4,932 l i n e a l  f ee t  of 69-inch concrete pipe. The 
nominal diameters of these pipelines were used t o  compute volumes. 
A portion of the upstream test reach pipe w a s  not f u l l  during the  151 
c f s  and 174 c f s  tests and the  volume of the  pipeline was decreased 
fo r  the computatida of discharges. The volume of pipe not f i l l e d  
was determined from measured water surface elevations and pipe slope. 
Individual and average discharge measurement r e su l t s  a r e  l i s t e d  i n  
Table 1. 

Calibration of Venturi Meter a t  Station 2+90 

A Herschel-type or-long-form Venturi meter, located immediately 
downstream of the aqueduct headworks a t  Station 2+90 is used t o  
es tabl ish  the  desired discharge i n  the aqueduct. The character is t ics  
of t h i s  type Venturi meter are long, small-angle i n l e t  and ex i t  cones, 
and high coefficient  of discharge values. Details  of the meter, which 
is a reinforced concrete monolithic s t ructure ,  a r e  shown by Figure 7. 
The meter discharge, i n  c f s ,  was continuously recorded on a c i rcu la r  
chart  and indicated by a pointer and scale. 

Prior t o  the aqueduct capacity t e s t ,  the  Venturi meter was unwatered 
and the flow surfaces of the brass i n l e t  and throat  r ings and adjacent 
concrete were cleaned. The d i f f e r en t i a l  pressure head piping and 



piezometer openings i n  the  brass r ings  were back flushed. Four 
diameter measurements were made with an ins ide  pipe ca l iper  near 
the plane of the  piezometer taps i n  the  inlet and throat  rings. 

A two tube-water column manometer, with both tubes open t o  the  
atmosphere, w a s  connected t o  the Venturd meter piping f o r  measure- 
ment of d i f f e r e n t i a l  head. The diameters measured ins ide the  meter, 
d i f f e r en t i a l  head readings, flow chart  record, f l w  indicator  readings 
and discharge measurements by the  color-velocity method provided al l  
the  information needed to  determine the  accuracy of the  meter readout 
system and t o  determine meter discharge coeff ic ients .  

HAXTMM CAPACIn RESULTS 

Freeboard I n  Vent Structures and Tunnels 

The aqueduct was operated a t  three discharges fop test purposes. During 
steady f lov  conditions, discharge measurements were made by the  color- 
velocity method at the  two locations discussed above. Individual and 
average discharge measurement r e s u l t s  a re  shown i n  Table 1. Discharge 
measuremena a t  the  upstream location were consistently larger ,  by 
s m a l l  amounts, than those measured at the  downstream location. A major 
portion of these differences can be a t t r ibu ted  t o  water l o s s  along the  
27 miles of the  aqueduct system between discharge measurement sites. 
Hmever, no v i s i b l e  loss  of water was discovered except minor splashes 
out of vent structures-during the  test a t  185 cfs.  

Averages of upstream and d m s t r e m  discharge measurements, Table 1, 
rounded off  t o  the  nearest  whole c fs  r e su l t  i n  discharges of 151 c f s  
during the  f i r s t  t e s t ,  185 c f s  during the  second t e s t ,  and 174 c f s  
during the  t h i rd  and last test. 

Data recorded during the  151 c fs  aqueduct operation revealed t ha t  the  
system would sa fe ly  convey a s ign i f ican t ly  larger  discharge. Water 
surface elevation measurements and v l sua l  observations revealed tha t  
the  i n l e t  ends of the  siphons were not f u l l ,  the  water was flowing 
above c r i t i c a l  veloci ty  a s  i t  l e f t  the  vent s t ructures  and flowed 
d m  i n t o  the  siphons, and hydraulic jumps existed in the  sloping 
pipes. This condition precluded measurement of f r i c t i o n  heads acros 
any of the  siphons t h a t  could have been used t o  compute capacity of 
the siphons within design head limits. 

Y 
Water surface elevations i n  vent s t ructures  a t  both ends of a l l  '' 
tunnels indicated t h a t  the  flow depths in the  tunnels were 1-foot 
o r  more below design depth with the  151 c f s  flow.z:-rdso, excellent  



correla t ion between water surface elevation i n  the  vent s t ruc ture  
a t  the Alpine-Draper tunnel inlet and the  water surface elevation 
measurement with the  depth of flow probe ins ide the tunnel revealed 
tha t  the  measurement in  the vent s t ruc ture  was a very good indication 
of the  water surface elevation ins ide t he  tunnel. The measurement 
in the vent s t ructure  showed the  water surface t o  be 1.0 foot below 
design depth a t  the  tunnel i n l e t  por ta l  and the probe measurement 
showed a corresponding difference of 1.1 f e e t  b e l w  design depth 
a t  the probe. 

A summary of water surface elevations i n  vent s t ruc tures  is presented 
in Column 5. Table 2. Freeboard values f o r  a l l  s t ructures  in the 
t e s t  reach, except the  Station 357+30 vent, a r e  tabulated i n  Colum 
4, Table 2. These freeboard values a re  the  v e r t i c a l  distance from 
the water surface t o  the  top of the vent s t ructure  walls, t h a t  is, 
t o  the height at  vtrich water would s p i l l  from the s t ructure .  Water 
surface elevations were not measured at Station 357+30 because 
of the enclosed box-type design of t h i s  s t ruc ture  t ha t  was provided 
t o  withstand potent ia l  roekslides. Visual and sound observations 
were made a t  t he  screen cwered opening i n  t h i s  s t ruc ture  and there 
vas no indication of lack of freeboard during any of the  test discharges. 

The freeboard values in-column 4, Table 2 show t h a t  there was more 
than 6 f e e t  of freeboard i n  a l l  vent s t ruc tures ,  except a t  
Station 1706+10 at the  downstream end of the  t e s t  reach, f o r  a 
discharge of 151 cfs .  The water surface elevation a t  t h i s  location 
was controZled by the depth of flow over the  v e r t i c a l  standpipe 
ovrrflow a t  Station 1746+60 which i s  the  next freeflow s t ruc ture  
dawnstream of Sta t ion 1706+10. The depth of flow w e r  the  top of 
the  standpipe was a function of the  amount of water turned out t o  
a water treatment plant immediately downstream of the  standpipe. 
During the 151 c f s  t e s t ,  nearly all the  flow in the  aqueduct was 
passing wet the  top of the standpipe and t h i s  increased the  head 
i n  the  Station 1706i10 vent s t ructure .  During the  other two t e s t s  
a t  larger  discharges, l e s s  f l w  occured out of the  v e r t i c a l  standpipe. 
Since t h i s  portion of the  aqueduct w a s  downstream of the  portion 
considered f o r  addi t ional  capacity, the  only concern here was t o  
meintain reasonable freeboard i n  the  Station 1706+10 s t ructure  by 
control  of the head over the damstream standpipe. 

Design hydraulic gradient elevations a t  a l l  f r e e f l w  s t ructures  
a r e  l i s t e d  i n  Column 6, Table 2. A t  locations where vent s t ruc tures  
a r e  common with tunnel i n l e t s  and ou t le t s ,  the  tabulated design 
hydraulic gradient elevation is the  design water surface elevation 
a t  the  tunnel por ta l  which is within a few f ee t ,  horizontally,  of 
the  vent structure.  Because of the  close agreement between water 
surface elevations measured inside Alpine-Draper tunnel and i n  the 



i n l e t  vent structure,  the test vater surface elevation, Column 5. 
Table 2, can be compared with the tunnel portal  design water surfaze 
elwation.  Column 6, t o  s h w  that  water surfaces were v e l l  b e l w  
dccign fo r  a discharge of 151 cfs. Water surface drawdm existed 
in the vent s t ructure at tunnel cu t l e t s  and water surface e lwa t ion  
measurements were made a t  the upstream end of these vents to  minimize 
th i s  effect  and t o  obtain a measurement representative of the tunael 
portal  vater surface elevation. 

The only location where the  measured water surface elevation exceeded 
the design value w a s  i n  the Station 1+95 mt structure just  upstream 
of the Venturi meter. The vater  surface elevation at th is  point is 
a function of the head required t o  maintain a given discharge through 
the meter and th i s  t o l l  structure did not present any problems during 
any of the test discharges. 

Information obtained during the second t e s t  with a discharge of 185 
cfs  conclusively shoved that  the aqueduct vould not safely carry 
th is  flow. This discharge was the computed capacity a t  deaign depth 
of Alpine-Draper Tunnel; the computation vab baaed upon thehydraulic 
gradient slope measured in the tunnel during the 151 c f s  tes t .  The 
tunnel discharge vas 146 c f s  due t o  a 6 c f s  turnout delivery upstream 
of the tunnel. Rwever, with a discharge of 185 cfs,  it became evident 
that  the f r ic t ion  heads of some of the siphon pipelines would be the 
factor that  controlled the maximum capacity of the aqueduct. The 
preesube head required t o  force 185 c f s  through several of the siphons 
created excessive water surface e lwat ions  at four of the six tunnel 
out let  vent structures. As water surface elevations increased in 
these vent structures,  the out lets  of the tunnels became submerged 
then b a c h a t e r  progressed upstream through the tunnels and the tunnel 
inlets also became submerged. As a consequence, Tunnels No. 1. 2, 3, 
and Alpine-Draper were submerged and operated as pressure conduits 
duriug the 185 cfs  test. Freeboard i n  s i x  vent structures was 2 f ee t  
o r  less with a ndnimcnn of 0.5 of a foot in the Station 1369+63 structure 
at the out let  of Alpine-Draper Tunnel. With freeboard of 2 fee t  o r  less ,  
water occasfonally splashed out of the vent structures due t o  turbulence 
but there was no sustained overflow in the t e s t  reach. 

During the 185 cfs  test, the depth of water was suff ic ient  in all 
vent structures to  submerge the i n l e t  and out let  pipes. This condition 
afforded the opportunity t o  measure the hydraulic gradient of each 
pipeline reach. The hydraulic gradient of the siphons that created 
excessive depths at the siphon in l e t s  and the t e s t  discharge of 185 cfs 



The th i rd  t e s t  w a s  performed with a discharge of 174 cfs .  Conparison 
of measured water surface elevation, Column 5, Table 2, and design 
hydraulic gradient elevation, Column 6, show tha t  with the exception 
of t he  Station 14-95 vent s t ruc ture  a l l  measured elevations were at  o r  
below the design values. The measured elevations show a minimum free- 
board value of 5.3 f e e t  at  Station 80+20 sxcept i n  the  s t ructures  a t  
Station 1641+00 and Station 1706+10 where the freeboard values were 
3.8 f e e t  and 3.6 f ee t ,  respectively. Here again these minimum free- 
board values were influenced by the flow out of the  v e r t i c a l  standpipe 
a t  t he  downstream end of the  test reach and these s t ructures  a r e  d m -  
stream of the  portion of the  aqueduct under consideration f o r  maximum 
sa fe  capacity. 

Rto pipeline sections of t he  aqueduct were constant slope reaches. One 
of these reaches extended from Station l a 0 4  t o  Stat ion 49+00 and was 
designed f o r  freeflow; measurements showed tha t  water surface elevations 
were a t  o r  below design hydraulic gradient values i n  t h i s  reach f o r  a 
discharge of 174 c fs .  The other constant slope reach extended from the  
wastway s t ruc ture  at  Station 64+79 t o  the vent at Station 80+ZO, and 
water surface e lwa t ions  at both ends of t h i s  reach were below design 
values with a discharge of 174 cfs .  Therefore, the  water surface was 
well  below the wastway c re s t  at Station 64+79. 

'\ 

Of par t icular  importance were the water surface elevations at a l l  
tunnel i n l e t s  during the 174 c f s  flow. Comparison of values i n  
Columts 5 and 6,  Table 2, show the  water surface elevations were 
below design value a t  a l l  tunnel i n l e t  por ta l s  f o r  flow of 174 cfs.  
However, standing waves a t  tunnel i n l e t s ,  described below, tended t o  
decrease the apparent freeboard. A l l  test measurements made during 
flows of 151 c f s ,  and 174 c f s  revealed the water surface slope i n  a l l  
tunnels t o  be greater  than the design slope of -0.0008 so the freeboard 
below design water surface a t  tunnel ou t l e t s  was greater than a t  tunnel 
i n l e t s .  

Standing Waves at Tunnel I n l e t  Porta ls  

A hydraulic phenomenon of significance occurred a t  the  tunnel i n l e t  
por ta l s  i n  the f o b  of standing wav~s created by recovery .of:.velocity 
head a s  the flow passed from a ven't: s t ruc tu re  i n t o  a:horses$.oe-shaped 
tunnel. This phenomenon i s  shown b'y,the photographs of the:;entrances 
of Tunnels No. 1 and ,2 ,  Figure 8. The photographs were tak+n the 
day a f t e r  the 151 c f s  t e s t ,  and exmination of a l l  tunnel i n l e t s  
revealed similar conditions. :The f i r s t  wave c re s t  i n  the high-water 
mark occurred immediately upstrean of the horseshoe flow section. The 
wave had an amplitude, peak t o  trough, of about 12 inches and a crest- 
to-crest wave length of about 3 f ee t  at the tunnel portals.  These 
remarks per ta in  to  the high-water marks i n  the photographs of Figure 8; 
the  pat tern of darker, lower elevation, water marks i n  the photographs 

h 



w a s  influenced by drying of the concrete f l w  surfaces a t  the tunnel 
i n l e t s  vhere water w a s  in contact with the  f l w  surfaces during a 
discharge of 151 c f s  the  day pr ior  t o  exposure of the  photographs. 
The discharge tha t  created the  h i g h r a t e r  mark is not known. 

Although water-aurface elevation measurements i n  turmel inlet vent 
structures,  during a discharge of 174 c f s ,  indicated freeboard b e l w  
a l l  tunnel inlet design water-surface elevations, the standing waves 
at the inlet portals  diminished the apparent por ta l  freeboard. The 
test results f o r  a discharge of 174 c f s  shov that  the  c res t  of a wave 
with an amplitude of 1 foot above the water-surface elevation i n  the  
tunnel i n l e t  vent s t ruc ture  would encroach a maximum of 0.55 of a foot 
on the design freeboard of the  Alpine-Maper Tunnel in l e t .  Corresponding 
wave peak encroachment upon design freeboards would be less than 0.55 of 
a foot a t  a l l  other tunnel inlet portals.  

Consideration of Plow Surface Conditions 

I n i t i a l  operation of the  aqueduct occurred i n  1951. A tabulation of 
cleaning operations of the  test reach fmm Station 1M04 t o  the  i n l e t  
of Alpine-Draper Tunael, furnished by the Central Utah Projects Office, 
is contained i n  Table 3. This information reveals tha t  no cleaning 
operations were p e r f o n d  downstream of Station 1 M 4  a f t e r  1959, thus 
7 years elapsed between the last cleaning operation and the year i n  which 
the test being reported was  performed. The 69-inch diameter concrete 
pipe reach from the  Venturi meter a t  Station 2+90 t o  Station 1 M 4  w a s  
hand cleaned i n  1966 prior  t o  the capacity teat. 

The water surface elevation at Station 1+95, upstream of the  Venturi 
meter. w a s  the  only location along the  test reach where the water 
surface was up t o  design hydraulic gradient elevation f o r  a discharge 
of 151 cfs.  The hydraulic gradient at t h i s  location is controlled 
by the  head required to  force a given discharge through the Venturi 
meter, but freeboard in the  Station 1+95 vent and access s t ructure 
is not a problem because the  top of the  s t ruc ture  is above the  intake 
water surface. 

Plow surfaces of pipeline reaches were not examined prior  t o  the  
capacity test except f o r  areas that  were exposed adjacent t o  vent 
s t ructures  when the  tunnels were unwatered f o r  inspection pr ior  t o  
the test. The inverted siphon pipeline reaches were not drained and 
the opportunity t o  inspect the  two constant slope reaches near the 
upstream end of the aqueduct had t o  be passed because of time limita- 
tions. However, the  concrete pipe flow surfaces that  w e r e  observed 
adjacent t o  vent structures appeared s imilar  t o  the tunnel flow surfaces 
i n  regard t o  smoothness and freedom from signif icant  deposits. 



All 6 tunnels in the aqueduct test reach were rmvatered and inspected 
throughout their entire lengths prior to the capacity test. The only 
material on the tunnel flow surfaces vas a dark brown, slick (when 
wet) film, where water had been in contact with the concrete flow 
surfaces. This film was tenaciously bonded to the concrete and could 
appropriately be considered a stain as opposed to an accumulation 
of any significant thickness. The extreme slickness of this wet 
film hindered walking on the slight circular arc slope adjacent to 
the tunnel invert. This film possibly presented less frictional 
resistance to the flow of vater than a clean concrete surface. 

The concrete lining in all tunnels was essentially in "as built" 
condition and the quality of the f l m  surfaces was excellent as 
illustrated by the photograph of Figure 5A. The excellent quality 
of concrete and concrete workmanship; that is, high strength, lack 
of spalling, minimum form offsets and minimum air voids on flow 
ssrfaces-in pipelines, tunnels, and vent structures of this system 
Is well known by persons familiar with the aqueduct. 

Apparently frequent cleaning of the aqueduct pipeline reaches and 
tunnels has not been necessary because the system conveyed 174 cfs 
down to the standpipe wasteway at Station 17464-60 within the limits 
of design hydraulic gradient elevations established for a discharge of 
150 cfs. <The only exception was the water surface elevation in the 
Station 1+95 vent structure at the headuurks. There evidently has not 
been any significant deterioration of flow surfaces to creat undue 
hydraulic frictional resistance. Gaseous state chlorine is injected 
into the aqueduct flow at the Station 2+90 Venturi meter to control 
bacterial organisms and this possibly inhibits accumulatiolz of other 
organisms. There were no filamentatious type growths in d ~ d e n c e  on 
any of the flow surfaces. 

Operational Procedures and Related Observations 

Designers' Operating Criteria instructions for the aqueduct were 
followed to establish test discharges in the system and no difficulties 
were experienced. Discharges larger than 150 cfs were established by 
flow rate increases of 3 cfs per hour. 

The three air vent pipes at siphon inlets with long, relatively steep 
inlet reaches, shown by Figure 3, performed their intended function 
satisfactorily during all test operations of the aqueduct. A hydraulic 
jump formed d m  inside the 69-inch entrance pipe of the siphons while 
test discharges were being established. Air entrained in the jump was 
effectively released through the vent pipes and prevented any appreciable 
air blow-back in the 69-inch aqueduct pipe. As a hydraulic jump pro- 
gressed upstream during flow increases, one or two vent pipes released 
air and occasional spurts of water. The small quantities of water 
expelled from the vent pipes fell d a m  into the vent structure without 
consequence. 



Frlctioa w e f f i d a n t s  of pipeline reaches, computed from test data m d  
desiga diameter and slope lengths of the lines, are shovn by Col- 3, 
4, and 5, Table 4. These coefficients for  p ipe lhes  could be computed 
only for  the test discharge of 185 c f s  when the pipe reaches were f u l l  
d the effective head on each pipeline could be measured. 

The folloulng equations vere used for  computation of the f r ic t ion  
toaf f i d c n t s  : 

, 

where f - Darcy coefficient 
5 - measured f r ic t ion  head (feet) 
L - length of pipe (feet) 
D - pipe di-ter (feet) 
h, - velocity head in the pipe (feet) 

Q 
(2) Ce ' 0.00546 d 2.625@.5 

where C, - Scobey coefficient 
Q = discharge (cfs) 
d - pipe diameter (inches) 
H - f r ic t ion  head per 1,000 fee t  of pipe (feet) 

where n = Manuing coefficient 
V = average velocity in the pipe (feet per second) 
r = hydraulic radius (feet) 
s - energy gmnlent slope 

indicate exceptionally low resist- 
pipelines. The exception to t h i s  statement is the f r ic t ion  

en the vent structure 
d wasteway structure at 

e inlet  includes a circular  t o  

t o  account for  an overall 
f pipe i n  t h i s  reach canpared 
r a l l  ather pipeline reaches 



1IFred C. Scobey, the Flow of Water i n  Concxete Pipe. United States  
Department of Agriculture Bullet in No. 852, October 28, 1920 - 
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The w o l d s  number of the pipelines was 3.15 x lo6 f o r  a discharge 
of 186 cfs.  The Darcy "f" value fo r  smooth pipe, a t  a Reynolds n d e r  
of 3.15 x lo6 is 0.0097 on the  Moody diagram. The average "f" value of 
O . O l l 1  f o r  the  aqueduct pipelines indicates very smooth precast concrete 
pipelines. 

A comparison of the average Scobey coeff ic ient  of 0.409, f o r  the aqueduct 
pipeline reaches, with Mr. Scobey's i n i t i a l ,  o r  ear ly  publication of his 
s tud ies  of f r i c t i on  coeff ic ients  fo r  concrete pipelines is worthwhile.?/ 
Mr .  Scobey developed Equation (2) as the  r e su l t  of head lo s s  measure- 
ments of 41 d i f fe ren t  concrete pipelines tha t  ranged from 8 inches t o  
216 inches i n  ins ide diameter. Although the  publication by Mr .  Scobey 
contains r e su l t s  i n  which the values of "C," exceed 0.400, he concluded 
t h a t  a "Cs" value of 0.370 should be used fo r  design of concrete pipelines 
even when construction practices necessary t o  provide the  smoothest 
possible flow surfaces could be anticipated.  To quote from page 8 of 
the  publication by M r .  Swbey: 

"A few of the pipes upon which experiments were made appear t o  
have coeff ic ients  higher than 0.370, but the  wr i te r  wishes t o  
be conservative in recommending a coeff ic ient  t h a t  necessitates 
a surface so nearly ideal .  That is to  say, a b e t t e r  surface 
may be a t ta ined i n  construction than should be ant ic ipated i n  
design. " 

The average Cs value of 0.409 f o r  the  Sa l t  Lake Aqueduct pipeline 
reaches indicates  excellent  construction resul ts .  These 69-inch 
inside-diameter pipelines were constructed of 20-foot long precast 
sections with b e l l  and spigot jo ints .  The ins ide surfaces of the 
pipe sections were c a s t  against  o i led s t e e l  forms and the  form 
Jo t a t s  were i n  the  longitudinal di rect ion orily; t h a t  is, p a r a l l e l  
to the f l w  of water i n  the pipe. Specifications f o r  manufacture 
of the pipe sections required t ha t  a specia l  too l  be worked up and 
down next t o  the form u n t i l  the  coarser material  was forced back 
and a layer of mortar brought next t o  the  form. When the  pipelines 
were constructed, not more than a 118-inch of f se t  of flow surfaces 
a t  jo in t s  was allowed, and the annular groove a t  each b e l l  and spigot 
jo in t  was f i l l e d  with hand-tamped mortar and the  mortar w a s  troweled 
smooth. The above requirements evidently provided extremely smooth 
and pract ical ly  continuous f l w  surfaces i n  the  pipelines as indicated 
by low Darcy and Manning coeff ic ients  and a high Scobey coefficient .  

Al l  of the  pipeline reaches contained horizontal bends of e i t h e r  
200-foot o r  400-foot radius. All ,  except two reaches, contained 
small-angle ve r t i ca l  bends. These two constant slope reaches a r e  
indicated on Figure 2. The la rges t  angle ve r t i ca l  bends a r e  i n  
the  pipeline reach tha t  crosses the Provo River between the  ou t l e t  



of Tunnel No. 4 and the inlet of Ohstead Rmnel. Bend losses were 
evidently not an appreciable factor i n  pipeline head losses as 
evidenced by the low f r ic t iona l  resistance of the l ines.  

To verify that the f r ic t ion  coefficients that  resulted from test 
measurements a re  not a product of erroneously high discharge measure- 
rents, an examiuatim of discharge measurements and related discharge 
coefficients of the Venturi meter w a s  mde. 

Venturi Meter Accuracy and Discharge Coefficients 

The equation fo r  Venturi meter flaw is: 

where Q - discharge (cubic fee t  per second) 
C - coefficient of discharge 
Al - i n l e t  area (square fee t )  
A2 throat area (aquare feet)  
g = gravitational acceleration constant = 32.14 fee t  per .second 

squared a t  the test site 
A h  - di f ferent ia l  pressure head in fee t  of flowing f luid 

Four i n s i d e - d i e t e r  measurements were made a t  the i n l e t  pressure 
ring and at the throat pressure ring of the Station 2+90 Venturi 
meter. These m u r e d  diameters and averages have been entered on 
Figure 7. The average diemeters and A1 and A2 values are: 

average diameter at inlet pressure ring - 5.750 fee t  
= 25.97 square f ee t  

I 
average diameter at throat pressure ring - 2.874 fee t  

A2 - 6.487 square f ee t  

Therefore, Q ( A ~  - 
C = ,, - 0.01861 Q 

AlA2(2gAh) A> 

The discharges measured a short distance downstream of the meter 
by the color-velocity method, water manmeter d i f fe rent ia l  head 



The Venturi meter had a throat t o  i n l e t  diameter r a t i o  of 0.500. The 
Reynolds number a t  the  meter throat for  all the discharges shown above 

6 was i n  excess of 4 x 10 o r  well i n to  the turbulent flow-range. An 
authorative r e f e r e n c d l  reveals that  a Herschel-type Venturi meter of 
the s i z e  under discussion, constructed of cast  iron,  would have a 
turbulent flow-range discharge coefficient of 0.99. The concrete flow 
surfaces i n  the Station 2t90 Herschel-type Venturi meter were smooth 
and i n  excellent condition and the $-foot radius tangential curved 
surfaces a t  both ends of the throat section were we11 formed and uniform. 
It would be reasonable t o  expect tha t  t h i s  Venturi meter would have a 
turbulent flow-range coefficient very close t o  0.99. The three discharge 
coefficient values tabulated above, based en t i re ly  upon t e s t  data obtained 
during the aqueduct capacity test are i n  good agreement with the expected 
discharge coefficient of t h i s  Venturi meter. This agreement of discharge 
coefficients ve r i f i e s  that  the test discharge measurements were of suf f ic ien t  
accuracy t o  serve as a basis for  pipeline and tunnel f r i c t i o n  coefficients.  
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Comparison of test discharges measured at the upstream color-velocity s i t e  
and discharges s h m  by the Station 2+90 Venturi meter read& system 
can be made with the resu l t s  shown i n  the bottom three l i nes  of Table 1. 
The meter recorder-chart and indicator values were both low by small 
amounts, except the indicator overregistered s l i gh t ly  during a discharge 
of 186 cfs. 

Friction Coefficients of Tunnels 

Manning f r i c t i on  coefficients for  the s i x  concrete l ined,  free-flow, 
horseshoe cross section tunnels, with nominal diameter of 6.5 f e e t ,  
a r e  sham i n  Table 5. The Manning coefficients vere computed with 
equation (3). 

k p t h  of flow a t  each tunnel i n l e t  and ou t l e t  were used t o  determine an 
average depth of flow i n  a tunnel and the hydraulic radius and average 

2/A. L. Jorrissen.  Discharge Coefficients of Herschel-Tvue Venturi - - - - - a = -  

Tdbes, and discussion by I?. S. Pardoe, Transactions of the ASME, 
Volume 74, August 1952 



velocity were determined from average depth fo r  the horseshoe section. 
Velocity head at water surface elevation measuring points a t  each end 
of the eunnels was added t o  the measured water surface elevatioos to  
arr ive at  energy gradient elevations. The values of energy gradient 
slopes were taken as the difference i n  energy gradiest elevations 
divided by the invert  slope length between water surface measurement 
points. 

The Manning "n" values of the tunnels range from 0.0105 t o  0.0112 and 
average 0.0108 for  a discharge of 151 c f s  and average 0.0105 f o r  a 
discharge of 174 cfs  and indicate exceptionally low-resistance flow 
surfaces i n  the tunaels. The Maaning "n" values of 0.0106 and 0.0105, 
based upon water depths measured with pressure-head probes inside 
Alpine-Draper Tuanel, spaced 14,857 f e e t  apart ,  can be considered as 
the most re l iab le  f r i c t iona l  resistance coefficients fo r  the tunnels. 
The discharge through Alpine-Draper Tunnel w a s  145 c f s  during the lowest 
test discharge, because 6 c f s  was turned out upstream of the tunnel. 
By way of comparison the design Manning "n" values fo r  a l l  the tunnels 
was 0.014 f o r  a discharge of 150 cfs.  The excellent quality and slick- 
ness of the tunnel flow surfaces a re  described under the heading 
"Consideration of Plow Surface Conditions." 

Conclusions 

A maxim capacity t e s t  of the Sal t  Lake Aqueduct, from the headworks 
to  the standpipe overflow at Station 1746+60, was performed with 
discharges of 151 cf$, 174 cfs ,  and 185 cfs.  The design capacity 
of th i s  system is 150 cfs. Data necessary t o  document hydraulic 
performance of t h i s  system were obtained under steady flow conditions 
d t h  each t e s t  discharge. Test discharges were measured a t  two videly 
separated locations in the t e s t  reach of the aqueduct by the color- 
velocity method. The discharges masured near the operational control 
Venturi meter and corresponding measured d i f fe rent ia l  heads of the meter 
resulted i n  discharge coefficients' fo r  the meter that  agreed with the 
established coefficient f o r  th i s  particular type of Veaturi meter. This 
agreement would not have resulted from inaccurate discharge measurements. 
Water surface elevation measurements and obsenration throughout the t e s t  
reach revealed that  the system would safely convey appreciably more than 
151 cfs.  A second t e s t  with a discharge of 186 c f s  resulted i n  submergence 
of four of the six f ree  flow tunnels due to  backwater created by 
inverted siphon pipeline reaches. The tested portion of the aqueduct s d e l y  
conveyed 174 cfs  within the limits of design hydraulic gradient at al l  

, water surface locations a s  f a r  downstream as the Station 1706+10 vent 

structure with two minor exceptions. These exceptions were the f i r s t  
two vent structures i n  the system at Station 1+95 and Station 1 M 4  
where freeboard is not c r i t i ca l .  















Provo River Project 
Salt Lake Aqueduct 

Inverted Siphon Pipelines 
Station 10+04 t o  Station 1706+10 

Aqueduct Cleaning History 

Pipeline Reach : 
.- 

49+00 : March 16, 1959 : TIE aqueduct tetween Station 
: 10+04 and l21&74 has been cleaned 

64+79 : larch 16, 1949 : four different times w i t h  a vater 
:propelled cleaning tool designed 

80+20 : March 16, 1959 : specielly for  the aqueduct s ize  
: pipe of 69'' - d i u t e r .  

98+29 : March 16, 1959 



Maxim Capacity Test - 1966 
Hydraulic Friction Coefficients of Pipelines 

Conditions: 69-inch I.D. precast concrete pipe discharge = 185 cubic 
feet  per second, Reynolds Number = 3.15 x lo6 

Darey Scobey Manning Remarks 
f C s  n 
3 4 5 

.0101 .428 .0099 

1,600 .OX35 .371 .0114 : 

1,543 ..0113 ,405 .Ol05 

1,797 .0106 .418 .0102 

3,175 .0115 .402 ,0106 

4,922 .0112 .397 .0104 

222+13 t o  25,477 .0110 .410 .0103 

4,105 ,0106 .418 .0102 2.315 fee t  (56 percent) 
70-inch s t e e l  pipe 

8,943 ,0110 .410 .0103 

0+35 t o  13,230 .0110 .410 .0103 

7,084 .0105 .420 .0101 

, (Continued) 





I The Sa l t  Lake Aqueduct - Frovo River Project 
Maximum Capacity Test - 1966 

Manning Friction Coef Qicients of Tunnels I 
I Description: Free flow, Concrete-lined Horseshoe Cross Section, 6.5- 

foot diameter, Invert Slope = 0.0008 

Tunnel 
Slope 
length Discharge Naming Remarks 

designation (feet)  (cfs) n 

,, 
No. 1 1,050 151 .0112 

174 .0109 

No. 2 547 151 .0107 
174 .O 105 

No. 4 4 35 151 .O 105 
174 .0103 

Olmstead 3,657 151 .0110 
174 .0106 - 

Alpine- 15,090 146 .0107 In le t  t o  ou t le t  
Draper 174 .0102 I 

Alpine- 14,857 146 ,0106 Between water depth 
Draper 174 .0105 probes 





SURE 2 
:PORT HYb5ES 

Access a Vent 
Sto. I tes----, dentur i  meter -Flow+ 

I Sto.eteo Control act8 --, I I 

Tunnel No. I> 
49'00 64+79 

80+20 98+e9 
I 

I i ,  P * 
I 
I 4 6 '-W.S. $8~. measurement I 

i 

I wasteway I locot~ons at vent structures , I 
I 

I 
&--- I 

U.S. color-velocity ----a 
test reoch 

Tunnel No. 2-, 
I Tunnel No. 3-, Tunnel No. 4-: 

I 
I 

7 
9 

+ ?+ 
I .  
I 

W.S. not 
meosured 

Olmsteod 
Tunnel -, Alpine- 

I 
456+87 498t02 I 

Droper 
Tunnel-, 

I 

-* 
19 

,.r200 
'-- Pressure- - 

head probe 

+--Standpipe overflow 

head probe color-velocity 
test reoch 
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SALT LAKE AQUEDUCT - PROVO RIVER PROJECT 
MAXIMUM CAPACITY TEST - 1966 

SCHEMATIC PROFILE OF TEST REACH 0 







A. Upstream view tovard i n l e t  of Alpine-Draper Tunnel. 
Prandtl-type pressure  head probe and mananeter connection 
tube anchored a t  t h e  l e f t  of t h e  tunnel i n v e r t .  
Photograph P66-418-2687 

9. Close view of pressure head probe i n s t a l l e d  near 
the o u t l e t  of Alpine-Draper Tunnel f o r  water depth 
measurements. Photograph P66-418-2691 

S a l t  Lake Aqueduct - Provo River R o j e c t  
Maximum Capacity T e s t  - 1966 

Pressure  Head Probes i n  Alpine-Draper Tunnel 
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A. Downstream view of Tunnel No. 1 i n l e t  f r m  the  
S t a t i o n  98+29 vent s t r u c t u r e .  A standing wave p r o f i l e  
is shuun by the high water mark along the  r i g h t  w a l l  of 
the i n l e t  t r a n s i t i o n  and tunnel. Photograph P244-D-61629 

B. Downstream view Of Tunnel No. 2 i n l e t  from the  
S t a t i o n  14M-84 vent s t ruc tu re .  The f i r a t  wave c r e s t  
i n  both photos i s  immediately upstream of the tunnel  
p o r t a l  where ve loc i ty  head recovery occurs. Darker 
lower e leva t ion  water marks were drying and do not 
i n d i c a t e  t rue  water su r face  marks. Photograph P244-D-61628 

S a l t  Lake Aqueduct - P r w o  River Project  
Maximum Capacity Test  - 1966 
Waves a t  Tunnel I n l e t  Po 
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Avsragea 5.750 2.874 
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SECTION F-F 
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ABSTRACT ABSTRACT 

Field testa were performed on %he upstream 32-mi portion of the Salt 
:, Lake Aqueduct to determine the safe capacity above the design value 

of 150 cfs. The section, consisting of 17 reaches of 5.75-it-dia prr- 
cast pipe and 6 reaches of 6.5-ft-dia concrete-lined free-flow horse- 

nels, safely conveyed 1Tb cfa. Water surface elevations were shoe tunnels, safely conveyed 174 cis. Water surface elevations were 
at 24 open-vent atructurea and discharges were measured by measured at 21 open-vent structures and discharges were measured by 

r-velocity method. Tables k e  included of Darcy, Scobey, and the color-velocity method. Tables are included of Darcy. Scobey, m4 
coefficients for 16 pipeline reaches M d  Manning coefiicienta Manning coefficients for 16 pipeline reaches and Manning coefficients 
nnels. . Friction coefficients indicate excellent hydraulic far 6 tunnels. Friction coefficients indicate excellent hydraulic 
sistics of flow surfaces. This was verified by inspecting the cbaracteristica of flow surfaces. This was verified by inspecting the 
, pipelinee were not inspscted. Discharge meaaurement results tunnels; pipelinen were not inspected. Discharge measurement results 

and coefficients of a 69-ir; by 34.5-in. Herschel-type Venturi meter 
are included. 
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PaSTRAm ABSTRACT : 

Field testa were performed on the upstream 32-mi portion ot the Salt 
Lake Aqueduct to determine the safe capacity above the design v g u e  
of 150 cfs. The section, consisting of 17 reaches of 5.75-it-dia pre- 
cant pipe and 6 reaches of 6.5-ft-din concrete-lined free-flow horae- 

tunnels, safely conveyed 17b cis. Water surface elevations were shoe tunnels, safely conveyed 174 cis. Water surface elevations wrre 
measured at 24 open-vent structures and discharges were measured by 
the color-velocity methob. Tables are included oi Darcy, Scobey, and 
Manning coefficients for 16 pipeline reaches and Manning coefficients 
for 6 tunnela. Friction coefficients indicate excellent hydrsulic 
characteristics of flon surfaces. This was verified by inspecting the 
tunnels; pipelines were not inspected. Discharge measurement results 
and coefficients of a 69-in. by 34.541. Herschel-type Venturi meter 
are included. 
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