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the initial tras!wack:'area. 
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PURPOSE 

These studies were made to develop a satisfactory 
reservoir inlet-outlet structure for the new 
pump-storage unit to be installed at Horse Mesa Dam. 
Arizona. 

RESULTS 

1. The centrifugal force of the '!TIOW i n  the two 
vertical bends and, the single thrizontal angular 
displacement in  the penstock caused ayymetrical flow 
concentrations in the penstock anit, the reservoir 
inlet-outlet structure. These floyl "toncentrations 
resulted in  high- and low-velocity areas in sections 
where velocity distribution data were iaken. 

2. Interior walls placed in the reservoir,, inlet-outlet 
structure significantly improved the ' horizontal 
velocity distribution at the trashrack section for 
pumped flow. Two interior walls, in an unsymmetrical 
arrangement, were found to he most effective. 

3. A floor parallel with the centerline, replacing the 
divergingfloor of the preliminary structure,eliminated 
a low-velocity area in  the bottom of the trashrack 
section. The structure was lengthened t o  restore the 
original trashrack section area. 

- 
4. Because of a concern that actual penstock flow 
conditions may not have been duplicated and the 
knowledge that an unsymmetrical structure may 
intensify uneven flow distributions, a structure with 
symmetrical interior wall placement was tried. The 
resulting velocity distribution was not as good as with 
the unsymmetrical arrangement. 

5. A tendency for vortex formation was observed 
during generating flow a t  minimum reservoir water 
surface. Topography surrounding the inlet-outlet 
structure appeared to have little effect on this vortex 
formation tendency. No air intake through the 
vortices was observed. 

6. The observed head loss through the penstock and 
reservoir inlet-outlet structure for Alteration 5 at the 
maximum design discharge was found t o  be 4.19feet 
(1.28 m) of water for the pumped cycle and 5.15 feet 
(1.57 m) of water for the generating cycle. 
Corresponding resistance coefficient values in  terms 
of velocity head are 0.53 and 0.47. respectively. The 
observed head loss throughout the inlet-outlet 
structure for Alteration 5 a t  the maximum design 
discharge was found t o  be 1.72 feet 10.52 m) of water 
for the pumped cycle and 1.77 feet (0.54 m) of water 

for the generating cycle. Corresponding resistance 
coefficient values are 0.21 and 0.15. respectively. 

7. Alteration 5develops the most satisfactory velocity 
distribution of those alterations considered with a 
trashrack area equal t o  the trashrack area of the 
preliminary deslgn. The unsymmetrical interior wall 
arrangement can be justified through a consideration 
of the penstock configuration and the effect of this 
configuration on the flow dis:ribution. 

APPLICATION 

The results af these studies are generally applicable 
only to structures with similar geometrical 
configurat~on and therefore similar flow conditions. 
These studies may be useful in  in i t~ai  evaluations of 
similar problems. 

INTRODUCTION 

Horse Mesa Dam and Powerplant, two facilities of the 
Salt River Project in central Arizona, are located on 

-the Salt River about 65 miles (104 km) northeast of 
.:'* Phoenix. The dam is  a 305-foot-high (93.0 m) concrete 

thin-arch structure, built by the Salt River Valley 
Water Users Association in:l927. It contains 162,000 
cubic yards (124,000 cu ;n) of concrete and creates a 
resewoir of 245,100-acre.foot (3,020,000-cu m) 
capacity. In 1936.37. a 47,000cubic-foot-per-second ;~, 

(1,330 cu mlsec), 30-foot-diameter (9.14 m l  tunnel 
spillway was added t o  the structure by the Bureau of 
Reclamation. 

The powerplant, also built in 1927, contains three 
25-hz generating units, each with a maximum 
capability of 10 megawatts. These units have not only 
been an operational and maintenance burden on the 
Salt River Project, but they also do not develop the 
full power-generating capacity that i s  available. 

In 1966, after a preliminary evaluation of the Horse 
Mesa. Theodore Roosevelt, and Morman Flat 



Powerpiants, the Salt River Project initiated a more requested the Bureau of Reclamation to  conduct 
detailed study looking toward reconstruction and hydrau l ic  model studies o f  the inlet-outlet structure 
expansion o f  the generating facilities. I n  1967, and penstock. The studies were performed at  the 
Bechtel Corporation was authorized to  investigate the Bureau's Engineering and Research Center i n  Denver, 
cost of replacement of these generating facilities. This Colorado. The main purposefor the model testing was 
investigation recommended, i n  pan, an overhaul and to  obtain a design which wou ld  provide the most 
rehabilitation .?f the three existing hydraulic turbines, uniform velocity distribution a t  the trashracks. This 
the spiral cases, draft tubes, penstocks, and ancillary would elimiaate any chance for formation of strong 
equipmentat the Horse Mesa Powerplant. The existing vortex shedding, thus ensuring a irashrack which 

Itwas also recommended that an additional reversible- THE MODEL 
generatorfmotor facility,& installed at the Hone Mesa 
site (Figure l).The new'96,500- kva/l13,000-hp 60hz The maximum reservoir head o f  286.25 feet (87.25 m) . : 

'..'of water above the invert of the penstock was found 
to,be the controlling physical dimension in selecting 
the model scale. Considerjng this, it was decided that 
a model scale ratio of '1 :24 was satisfactory. The 
15.5-foot-dlameter44.72 m )  prototype penstock was. 
therefore, represented by a 7.75-inch (19.0-cm) inside 
diameter, clear plastic pipe (Figure 3). The maximum 
discharge of 5,000 cubic feet per second (141.5 cms) 
was represented i n  the model by 1.77 cubic feet per 

second (0.050 cms). 

The model included the inlet-outlet structure (Figure 
4). the rectangular-to-circular transition, and the 
penstock down to  the spiral case (Figure 3). ,The 
~p i ra l  case was not represent-d in the model. The 
model was arranged so that both pumping and 
generating flow could be simulated. Discharges were 
measured with venturi and venturi-orifice meters. The 
amount of swirl induced in the pumped flow was 
controlled by varying the opening of the control 

Figure 1 .  Dam and powerplanr plan. valve i n  the pumped flow supply line. 

.':-nit would be of the indoor type. A new penstocl; 
(Figure 21 would penetrate the existjpg dam akd 
connect with the new powerhouse. Th; penstock 
would be 15.5 feet 14.72 m) in diameter and would 
contain two vertical curves, one of goo and one of 
75'. The radii of curvature would be 58.25 feet 
(17.85 m) and 46.50 feet (14.17 m), respectively. 
The penstock would also contain a horizontal angular 
deflection of 19'. The r e s e ~ o i r  inlet.outlet structure 
for the new penstock is the subject of this report. 
(The structure is referred to as the "inlet-outlet 
structure" throughout the report.) 

Because of the vertical curves and the horizontal 
angular displacement in the penstock, hydraulic model 
studies were considered necessary to  thoroughly ' 
investigate the flow conditions in the inlet-outlet 
structure. Bechtel, through Salt River Project officials, 

THE INVESTlGATiON 

Test Procedure 

In  the analysis of the inlet-outlet structure, velocity 
distribution data were taken at three sections in the 
system, all of which were perpendicular .to the 
centerline of the penstock or of the inlet.outlet 
structure. The first section was in the penstock 11.68 
feet (3.56 m) from the section where the spiral case 
joins the penstock. The second section was between 
the gate slots and the circular-to-rectangular transition 
(Figure,?). In  these two sections a pitot cylinder was 
used for the velocity sensor. Total energy heads and 
static pressure heads were observed on a manometer 
board. Thedifferential between these t , ~ o  heads is the 
velocity head. Because o f  the extreme damping in this 
system, the data indicated only established average 



PROFILE 

Figure 2. Penstock, plan and-profile 



Figure 3. 1 :24 scale p?nrtoek model. Left photo P25-0-63544 and right photo P25.0-03,545. 

flow patterns but did not indicate the amount of 
turbulence in the flow. However, the flow patterns 
that were obtained did show the effects of both 
induced swirl in the f low and penstock configuration. 
The third section at which velority distribution data 
were taken was at the trashrilck location in the 
structure. The uniformity o f  the velocity distribution 
at this section was the major criterion in the study. 
Head differentials equal to  the velocity head were 
measured with a system consisting of a Prandtl tube 
connected to a 0.03-psi (0.002-ksc) diaphragm-type 
differential pressure cell. This cell was in turn 
connected to a transducer indicator and recorder. an 
integrating digital voltmeter and a printer. Data from 
this system consisted of a printout of average velocity 
heads and a graph recording of instantaneousvelocity 
heads. The instantaneous data were partially damped 
by the system 

Head loss data were obtained for the penstock and 
the inlet-outlet structure through the use of two,, 
piezometer manifolds that tapped the penstock, one.. 
single piezometer that tapped the reservoir, and three 
associated manometers. One piezometer manifold was 
located in the circular penstock 5 feet (1.52 m l  from 
the start of the circular-to-rectangular transition and 
the other was located approxiiiately at the spiral case. 

The reservoir water surfaceelevation was held at 1,884 
feet (574.2 m) above sea level, the minimum pumping 
elevation. when pumping cycledata were taken and at 
1,869 feet (569.7 m) above sea level. the minimum 
generating elevation, when generating cycle data were 

-. 
taken. Past expeience has prc& these to  be the 
critical reservoir elevations with respect to  vortex 
formation and velocity distribution. 

Pumped Cycle 

Preliminary structure.-Velocity distribution and head 
loss data were taken at prototype discharges of 
4,620cubicfeet per second (130.7 cCm?secl and 4,250 
cubic feet per second~(120.3 cu mlsec). Corresponding 
average prototype velocities at the trashrack section 
in the initial structure were 6.47 feet per second 
(1.97 mlsec) and 5.94 feet per second (1.81 m/sec). 

- 

Prototype swirls of 0.8 radian per second, 0.3 radian 
per second, and 0.0 radian per second, were induced 
at the two discharges. Swirl is defined as an angular 
velocity or an angular displacement in the flow, with 
respect to  time, about the axis of the penstock. 
Initially, it was speculated that the pumped discharge 
from the pump-turbine unit could possibly contain 
swirl; therefore, swirl was induced into the flow in an 
attempt to determine how it affected the velocity 
distribution. The velocity distribution at the trashrack 
section was affected significantly by the induced swirl 
o f  0.8 radian per second. However, the distribution 
was controlled by the penstock configuration only 
when the induced swirl was 0.3 and 0.0 radian per 
second. 

Data were taken at the trsshrack location to correlate 
velocity distributions for the two discharges. It was 
concluded that the two distributions were similar and 
that they varied only by the linear factor of the ratio 



Figure4. 1 :24 scale model of preliminary inlet-outlet rrructu 

.. ,.. . . .. ~ 
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of their average velocities. Velocities at the trashrack 
section which are given in this text are, except where 
noted, for a prototype discharge of 4.250 cubic feet 
per second (120.3 cu mlsec). It is believed that the 
0.0-radian-per-second case (no swirl) is the most 
representative of actual prototype flow conditions. 
This belief is supported by the observation that 
pumped flow leaves the spiral case tangentially, which 
is not conducive t o  the formation of a swirling flow. 
From considering the mechanics of the flow in the 
spiral case, it was concluded that secondary flows wil l  
not be a significant factor. 

Flow through the preliminary inlet-outlet structure 
(Figure 5) wasobserved at a discharge of 4,620 cubic 
feet per second (130.7 cu mlsec) and at induced swirls 
of 0.8.0.3,and 0.0 radian per second. I n  all three cases 
there was less flow in the left bay of the structure 
(looking in the direction o f  pumped flow). Prototype 
velocities at the trashrack varied from 0.16 foot per 
second (0.052 mlsecl near the upper left corner to  
11.05 feet per second (3.37 m/secj at the rightcenter 
for the 0.8-radian-per.second case (Figure 1A. 
Appendix I). The effects of the angular velocity were 

re. Left photo P25-D.69543 and right photo P25-D-69542. 

,r.> 
second (3.26 mlsec) at the upper center of t!i'e 
section. Velocities were in general lower at the left 
and bottom of the structure but the distribution was 
better than for the 0.8-radian-per-second case. With 
no swirl (Figure 3A. Appendix I), the velocity' 
distribution was similar t o  that o f  the 0.3-radian-per- 
second condition. The minimum observed prototype 
velocity with no swirl was 0.60 foot per second (0.18 
mlsec) at the lower left corner and the maximum was 
10.20 feet per second (3.1 1 mlsec) at the upper 
center. : 

Velocity distribution data were obtained at the two 
sections in the penstock for the above operating 
conditions. Data taken at the section near the gate 
slots showed velocity distribution similar to, but not 
as unsymmetrical as, the counterpart distribution at 
the trashrack section (Figures 4A. 5A, and 6A. 
Appendix II.The0.8-radian-~er-second swirl condition 
had lower velocities in the lower left corner and 
higher velocities along the right side; the 0.3-radian- 
per-second swirl condition had lower velocities in the 
lower left corner and higher velocities near the right 
center; and the no-swirl condition had lower velocities 

also apparent in that the flow wasconcentrated near in the lower left corner and higher velocities in the 
the sides of the structure with a low flow condition in riaht and  to^. The section near the soiral case showed - 
the center. With a swirl flow of 0.3 radian per second a fairly symmetrical distribution with no extreme 
(Figure 2A. Appendix I). the prototype velocity at the flow concentrationsfor the no-swirl condition (Figure 
trashrack section varied from 0.93 foot per second 7A. Appendix I). This section did, however, show a 
(0.26 mlsec) at the lower left corner to 10.70 feet per strong flow deficiency in its upper center for the 
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Figure 5 .  Preliminary initial inlet-outlet sfrucfure. 
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0.8-radian-per-second condition (Figure 8A. Appendix 
I). 

These measurements indicated that for the no-swirl 
condition, as the flow left the upper vertical curve of 
the penstock a flow concentration was-created at the 
top and somewhat to the right: This distribution can 
be directly inferred from momentum changes due to 
penstock configuration. I f  an angular velocity initially 
exists in the fiow, a tendency for the flow to 
concentrate near the boundaries and away from the 
axis o f  rotation can be,observed (Figures 4A and 8A. 
Appendix I).Thisflow is still affected by the penstock 
configuration and therefore unsymmetrical 
distribution wil l  be created as before. The effect of 
the angular velocity depends completely on its initial 
magnitude. 

Modifications.-The first alteration to  the design o f  
the inlet-outlet structure consisted o f  two vertical 
walls standing the full height o f  the structure. The 
walls began at the penstock end of the inlet-outlet 
structure and were 75.45 feet (8.063 m )  in length. 
1-foot (0.3-m) thick. and were rounded on both ends. 
The walls were unequally spaced at the penstock end 
of the structure in such a manner that they equally 
divided the f low into thirds based on the distribution 
measured at Section 3, shown on Figure 4A. Appendix 
I. A t  the downstream end the walls were in llne with 
thecenterlines of the pierslocatedat the reservoir end 
of the structure. 

The first alteration improved the velocity distribution 
at the trashrack section significantly. The minimum 
observed velocitt' for the no-swirl condition and a 
discharge o f  4.620 cubic feet per second (130i7 
cu mlsec) was 1.88 feet per second (0.574 mlsec) at 
the bottom right and the maximum was'9.41 feet per 
second (2.87 mlsec) at the top left (Figure 9A, 
Appendix I). 

For Alteration 2, made to  remedy the flow deficiency 
at the bottom and flow excess i n  the left bay at the 
trashrack section, the diverging floor was made 
parallel with the penstocks centerlineand theupstream 
end of the interior walls were shifted a prototypz 
distance of 3 inches (7.6 cm) to the left. The resulting 
data showed a significant increase in bottom velocities 

the upper left center of the section.(Figure 10A. 
Appendix I ) .  

The velocity distribution at the trashrack section 
obtained w i t h  Alteration 2 was considered 
satisfactory. However, because of a concern that 
actual penstock flow conditions might not have been 
duplicated and the knowledge that an unsymmetrical 
structuremight intensify uneven flow distribution, a 
structurewith symmetrical interior wall placement 
wa', tried for Modification 3. The initial tests had 
shown that velocity distributibn at the gate slot 
section was more nearly uniform than a t  the trashrack 
section, indicating that . the uneven velocity 
distribution was intensified in the intake structure. It 
was believed that the symmetrically spaced interior . 

walls would intercept and stabilize the flow before 
the uneven velocity distribution intensified. .,: 

,.. 

The velocity distribution with the symmetrical 
interior walls was better than in the preliminary 
structure but not as good as with Alterations 1 and 2. 
The maximum observed velocity at the trashrack 
section was 9.29 feet per second (2.83 mlsec) at the 
upper center. and the minimum was 1.75 feet per 
second (0.53 mkec) a t  the lower left for the no-swirl 
flow condition. In  the 0.8-radian-per-second flow 
condition. the lower velocity was 1.51, feet per 
second (OX6 m/sec) near the upper left corner while 
the maximum velocity of 12.02 feet per second 
(3.66 mlsec) was measured near the center of the 
right bay. The left bay.showed a flow deficiency for 
both f low conditions (Figures 116  and l i A ,  
Appendix I). 

I n  Alteration 4, the inlet-outlet structure was 
lengthened 8.11 feet (2.47 m),\toreturn the trashrack 
t o  its initial area and yet retain the nondiverging floor. 
The interior walls remained the same as for Alteration 
3. This change did not improve the velocity 
distribution a t the trashrack. The velocity distribution 
pattern was similar for Alterations3 and 4 except for 
lower velocities along the invert of the structfires. but  
the quantity of flow in each bay w ~ s  nearly the same 
for Alterations +a&. 4. The yaximum observed 
velocity was 9.47 ft/sec (2.89 inlsec) in the upper 
center o f  gsJsection a n t ~ ! f g  minimum observed 
velc;ity,&as 0.0 f t lsecd?:~ m/sec) in the lower left 

/- 
and a small improvement in average v e l o ~ i t ~ c . n r r ; L ' i l ~ i ~ r o - ~ < ~ p p e n d i x  I). 
distribution from bay to  bay. For the no-swiil ,/'. 

condition and a discharge of 4.620 cubic feet per The final inlet-outlet structure scheme To be studied, 
second (130.7 cu rn/sec) the minimum observed Alteration 5 (Figure 6). consisted of the same exterior 
velocity was 1.69 feet per second (0.52 mkec) at the structure as Alteration 4w i th  the symmetrical interior 
lower left-hand corner and the maximum observed wall placement of Alteration 2. This outlet structure 
velocity was 9.53 feet per second (2.90 m/sec) at produced generally good flow distribution at the 
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Figure 6. Inlet-autlet structure. Alteration 5 



trashrack position with only moderate flow 
deficiencies at the left and bottom of the section. The 
minimum observed veloc~ty was 1.67 feet per second 
(0.51 mlsec) in  tne lower left corner and the maximum 
was 8.13 feet per second (2.48 mlsec) in  the upper 
left center (Figure 14A. Appendix I) .  

Free jet outlet.-A free jet outlet was also tested 
(Figure 7) This consisted of the f low leaving the 
rectangular penstock just downstream from the gate 
slots with no expanding outlet structure to influence 
it. The resultant velocity distribution was observed at 
a section 52 feet (15.85 m) from the end of the 
penstock (Figure 15A. Appendix I), approximately 
the same location as the trashrack section in the 
preliminary design. The maximum observed velocity 
was 13.2 feet per second 14.02 mlsec). 23 feet 
(7.01 m) above the iwer t  along the centerline of the 
outlet. The distribution was fairly symmetrical. An 
upward or vertical dispersion of the f low wasobserved 
as high as 40 feet (12.19 rn) above the invert; in 
previous tests the outlet structure was29 feet (8.84 m! 
high at this section. Lateral dispersion of flow was 
also observed 15 feet (4.57 m) to the left of (looking 
in  direction of flow) and 18 feet (5.49 m) to the 
right of the centerline of the outlet. The preliminary 
inlet-outlet structure. extended 14.5 feet (4.42 m) to 
both theleft and rightof the centerline at this section. 
This is an indication as t o  why the velocities were 
higher at the topand right boundaries in the previous 
tests. 

Head losses.-Head loss data were taken for the 
Alteration 3 (symmetrical interior walls, floor parallel 
with centerline) inlet-outlet structure. The data were 
collected both with and without the interior walls in 
place. It was observed that for all practical purposes 
the interior wal l ib id not increase the head loss. With 
the walls in place, the head losscoefficient (the ratio 
of head loss through the system or a portion of the 
system to the velocity head of the flow in the 
penstock) stabilized with respect t o  Reynolds number 
at 0.22 for the inlet-outlet structure and at 0.53 for 
the penstock and inlet-outlet structure combined 
(Figure 16A. Appendix I). With the interior walls 
r e d ,  the resistance coefficients stsbilized at 
approximately the same values (Figures 16A. 
Appendix I). The Reynolds number is a 
nondimensional number that consists of the ratio of 
the inertia forces t o  the viscous forcer. Low Reynolds 
number values indicate an increased importance of 
the viscous forces. The Reynolds number values are 
related to the values of the resistance coefficients to 
show that above a 'certain value the resistance 
coefficient bsomes constant. It was observed that, in 
general, the above resistance coefficients became 

Figure 7. Free jet outlet. Photo P25-DB9546 

constant at a Reynolds number of 5 x 105. 
Corresponding Reynolds numbers in the prototype 
will be several times greater than those at which the 
model loss coefficients became constant. Therefore, 
the obtained resistance coefficients are reliable 
indicators of roughness in the 9rototype. 

Slmilar flow coiiditions were established for the 
Alterations 4 and 5 inlet-outlet structures with the 
lnterior walls in place. Head loss data were then 
collected for both the structures and the system. 
The flndings corresponded with those for Alteration 
3 (F~gure 16A. Appendix 1 ) .  

Generation Cycle 

Velocity distribution.-Velocity distribution data were 
taken at a prototype discharge o f  5,000 cubic feet per 
second (141.60 cu mlsec). For thesetests. the reservoir 
water level washeld at elevation 1869 feet (569.67 m). 
Velocity distribution data were taken at two sections 
in the penstock, the section near the gate slot. and 
the section near the spiral case (Figure 2). 

The velocity distribution at the gate-slot section 
reflected the geometry of the interior wall placement. 
In  general, the velocity distribution echoed the wall 
orientation withelongatedvertical flow concentratior~s 
(Figure 17A. Appendix I). The velocity distribution 
at the section 11.68feet (3.56 m) from thespiral 
case was found to be quite uniform with a small f low 
deficiency st  the top of the section (Figure 18A. 
Appendix I). This flow deficiency may be directly 



inferred from the momentum changes due to the 
lower bend of the oenstock. 

It was also observed that for the Alteration 3 structure 
with no interior walls the resistance coefficient was 
0.11 for the inlet-outlet structure and 0.43 for the 

Head losses.-The head loss data showed that for the 
neneration cvcle flow throuoh Alterations 3.4. and 5 

entire system (Figure 19A. Appendix I). The system 
resistance coefficients appeared t o  stabilize at a 
Revnulds number of about 5 x 105 while the inlet- =- ~ 

the resistance coefficient stabilized at 0.15 for the outlet structure resistance coefficients appeared to 
inlet.outlet structure and at 0.47 for the entire have stabilized at a Reynolds number of about 3 x 
system (Figure 19A. Appendix 1). 













4620  CFS PUMPED FLOW 
1884' ELEVATION OF  W. S. 
CORRECTED PROTOTYPE VELOCITIES 

0 . 3  RAD/SEC SWIRL IN FLOW 

I ' /SEC CONTOUR INTERVAL 

F w r e  5A. Horse Mesa Hydroelectric Expansmn Model Studter. Section 2 velocity dlstr~bution. 
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Figure 6A. Horse Mess Hydroelectric Expansion Model Studier. Section 2. velocity distribution. 
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Figure 7A. Hone Mesa Hydroelfftric Expansion Model Studier.Section 1 velocity distribution. 
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Figure 8A. Horse Mesa Hydroelectric Expansion Model Stud~er, Sectmn 1 velocity distribution. 
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Figure 15A. Horse Mesa Hydroelectric Expmsion Model Studie, free jet outlet velocitv distribution. 
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CONVERSION FACTORS-BRITISH TO METRIC UNlTS OF MEASUREhlENT 

The following mnverrion factors adopted by the Bureau of Reclamaticn are tho- wblished by the American 
Society for Tening and Metenalr IASTM Metric Practise Guide, E 380681 exoern that additioml factors 1.1 
mmmoniy "red in the Bureau have *pen added. Funhw di rur r ion of definitions d quantities and un iu  is given in 
the ASTM Metric Practice Guide 

The meuic v n i u  and mnvenian factors adopted by  the ASTM are baed on ihe "lntemationai Synem ol  Units" 
(designated SI for Syrteme International dUniterl. fixed by ihe l n t e r n a t i o ~ l  Camminee for Weights and 
Measures: this w t m  ir also known sr ihe Giorgi or MKSA 1meter.kilogram lmsrrl.remnd.emprel ryrtem. This 
VRem has been dapted by the International Organi2ation for Standardirat~on in IS0 Recommendation R.31. 

The metric technical unit o f  force is the kilogram-force; ihir is the force which. when applied to a body haring a 
mars of 1 ka gives it an acceleration of 9.60665 rn/.eeh~, the standard axeleration of free fall toward the earth's 
center for re. I m l  at 45 deg latiwde. The metric unit  of force in SI unitr ir the newton IN], which is definedar 
thn lorce which, when applied to s body having a mars o f  1 kg, giver it sn acceleration 01 1 m/rec/w.There unitr 
must be dininguirhed from ihe linconrrantl local weight of a body having a man of 1 ke that is. theweightof a 
t:db ir that form with which a body isamacted 10 the earth and is equal to the marrof a body multiplied by ae 
a..rlcration due t o  gravity. However. because i t  is generai practise to  us? "pound" rather than the technicaily 
c, . r ~ t  term "paund-force." the term "kilogram" lor derived m a r  unit) has been used in Ihir  guide innead of 
' 11ogram.fone" in expressing the conversion factors for forcer. The newton unit o f  force will find insrearing use. 
a8 J is errential in SI units. 

. ; W e  appraximate or nominal Englirh units are used to  express a value or range of valuer, the converted meuic 
units i n  parentheses are also approximate or nominal. Where precise English unitr are used, the convened metric 
w i n a n  expressed equally rignilicant valuer. 

Table I 

OUANTiTIES AN0 UNITS OF SPACE 

Multiplv BY To obtefn 

LENGTH 

Mil  . ..: . . . . . . . . . . . . . .  25.4 lexaetlyl . . . . . . . . . . . . . . . . . . . . . .  Micmn 
Inches . . . . . . . . . . . . . . .  .. . . . . . . . . . . . . . . . .  . .  15.4 lexactivl _ Millimeierr 
Indler . .  . . . . . . . . . .  : 2.54 Iexactlvl' . . . . . . . . . . . . . . . . . .  Centimeters 
Feet . . . . . . . . . . . . . . . . ,  30.48 lexactlyl . . . . . . . . . . . . . . . . . .  Centimeten 
Feet . . . . . . . . . . . . . . . . . .  0.3048 lexacr ly l~  . . . . . . . . . . . . . .  ; . . . .  Meters 

. . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . .  0.0003048 iexsUul '  K i i o m t e ~ r  
Yards . . . . . . . . . . . . . . .  0.9144 (exactly1 . . . . . . . . . . . . . . . . . . . .  Meterr 
Miits I m t ~ t ~ l .  . . . . . . . . . . .  1.609.344 1exacW. . . . .  z . . . . . . . . . . . . . . .  Meierr 
Miles . . . . . . . . . . . . . . . .  1.009344 1exactiyl . . .  .-:. . . . . . . . . .  Kilometerr 

- AREA - 
Square inches . . . . . . . . . . .  ~5161exac t l y1  . . . . . . . . .  ~quarecentimetes 
Square feet . . . . . . . . . . . .  -929.03 . . . . . . . . . . . . . . . . . . . .  Square centimeter$ 
Square feet . . . . . . . . . . . .  0.092603 . . . . . . . . . . . . . . .  : . . . .  Square meters 
Square yards . . . . . . . . . . .  0.836127 . . . . . . . . . . . . . . . . . . . .  Square meten 
A c r e  . . . . . . . . . . . . . . . .  -04M69 . . . . . . . . . . . . . . . . . . . . . . . . .  Hectare$ 
Acres . . . . . . . . . . . . . . . .  '4.046.9 . . . . . . . . . . . . . . . . . . . . . . . .  Square meters 
Acres . . . . . . . . . . . . . . . .  -0,0040469 . . . . . . . . . . . . . . . .  Square kilometers 
Square miles . . . . . . . . . . .  ,: 2.58999 . . . . . . . . . . . . . . . . . .  Square kilometers 

Cubic mcher . . . . . . . . . . .  16.3871 . . . . . . . . . . . . . . . . . .  Cubtc centimeren 
Cubic feet . . . . . . . . . . . . .  0.0283168 . . . . . . . . . . . . . . . . . .  Cubic meters 
Cubic yards . . . . . . . . . . . .  0.764555 . . . . . . . . . . . . . . . . . . . .  Cubic meters 

Fluid ounce (U.S.1 . . . . .  : . 
Fluidounces iU.S.1 . . . . . . .  29.5729.. . . . . . . . . . . . . . . . . . . . . . .  Milliliters 
Liquid p ins  WS.I . . . . . . . .  ' 0.473179 . . . . . . .  :. . . . . . . . . .  Cvbicdesimeterr 
Liquid p inu  (U.S.1 . . . . .  : . .  

. . . . . . . . . . .  Ouanr 1U.S.l 
Ouam(U.S.1 . .  .: . . . . . . .  '0.Y46331 . . . . . . . . . . . . . . . . . . . . . . . .  Lifers 
Gallons (US.) . . . . . . . . . . .  '3.785.43 . . . . . . . . . . . .  : . . . . . . .  Cubic centimeters 
Gallons (U.S.1 . . . . . . . . . . .  3.76543 . . . . . . . . .  : . . . . . . . . .  Cubicdecimeterr 

: > 
Fluid ounce (U.S.1 . . . . .  : . 29.5737 . .  .:': . . . . . . . . . . . . . .  Cubic centimeters 
Fluidounces iU.S.1 . . . . . . .  29.5729.. . . . . . . . . . . . . . . . . . . . . . .  Milliliters 
Liquid p ins  WS.I . . . . . . . .  ' 0.473179 . . . . . . .  :. . . . . . . . . .  Cvbicdesimeterr 
Liquid p inu  (U.S.1 . . . . .  : . .  0.473166 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

. . . . . . . . . . .  Ouanr 1U.S.l .946.356 . . . . . . . . . . . . . . . . . . .  Cubiccentimterr 
Ouam(U.S.1 . .  .: . . . . . . .  '0.Y46331 . . . . . . . . . . . . . . . . . . . . . . . .  Lifers 
Gallons (US.) . . . . . . . . . . .  '3.785.43 . . . . . . . . . . . .  : . . . . . . .  Cubic centimeters 
Gallons (U.S.1 . . . . . . . . . . .  3.76543 . . . . . . . . .  : . . . . . . . . .  Cubicdecimeterr 
Gallons (US.) . . . . . . . . . . .  3.76533 . . . . . . . .  (1 . . . . . . . . . . . . . . .  Liters 
Gallonr (US.) . . . . . . . . . . .  '0,00378543 . . . . . . . . . . . . . . . . . . .  Cubic meters 

. . . . . . . . . . . . . . . . . . .  Gallons lil.K.1 . :: . . . . . . . .  4.54609 Cubic decimeters 

. . . . . . . . . . . . . . . . . . . . . . . . .  Gallonr (U.K.1 . .'; . . . . . . .  * 4.54596 Literr 
Cubic feet . . . . . . . . . . . . .  28.3160.. . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

. . . . . . . . . . . .  Cubic yards .754.55.; . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 
Acrefeet . . . . . . . . . . . . . .  .1.233.5 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meters 
Acrefeet . . . . . . . . . . .  ,. . '1,223,500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 

Gallons (US.) . . . . . . . . . . .  
Gallonr (US.) . . . . . . . . . . .  '0,00378543 . . . . . . . . . . . . . . . . . . .  Cubic meters 

. . . . . . . . . . . . . . . . . . .  Gallons lil.K.1 . :: . . . . . . . .  4.54609 Cubic decimeters 
Gallonr (U.K.1 . .'; . . . . . . . .  
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