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HYDRAULIC ~ ~ FOR 

MAYFIELD ~ ~ 

I. INTRODUCTION 

This report describes the results of the hydraulic model tests for the 

forebay structure of the Mayfield hydroelectric pO\'lSr plant conducted at the 

St. Anthony Falls Hydraulic Laboratory during the period May 1973 through 

March 1974. 

There are three existing power generating units, each of which is fed 

by an 18-ft-diameter penstook. Provisions have been made for an additional 

uni t to be installed in the near future. \-later is taken from Mayfield Lake, 

oonveyed through a 37-ft-diameter tunnel, and disoharged into a forebay. 

There are four int~ce structures, one for eaoh penstock, at the downstream 

end of the forebay. Presently, the operation is hampered at high loading 

conditions. It is generally believed that unstable hydraulic conditions in 

the forebay are the cause of the present poor operating conditions. Strong 

vortices at the intakes have been observed in the field. The flow in the 

forebay is rough and turbulent. There are large shock waves at the pier 

noses, causing the water surface to fluctuate and become higher at units 42 

and 43 and lower at unit 44. 

It is planned to add the fourth unit in the immediate future. Because 

an additional unit would mean an increased flow requirement, it is probable 

that the problems stated above would worsen. For this reason, a model study 

has been conducted to assess the problems for the expanded operation and 

find means of alleviating them. 

A 1:36 scale model was constructed and tested. After calibration, the 

model satisfadorily reproduced the existing flow conditions 0 The model 

indicated an inorease in flow distortion and in water surface instability 

for the planned expansion. Air-entraining vortices were observed for all 

flows tested without modifioation of the existing faoilities. On the basis 

of the experiments with various alternatives, the following schemes are 

recommended to provide good flow oonditions: (a) two 18-ft-wide submerged 

guide vanes to be installed near the tunnel portal to redistribute the flow 

and improve the water surface profile and (b) a V-shaped vortex suppressor 

to be installed at each intake bay to eliminate the air-entraining vortices. 



A dooumentary motion pioture showing the highlights of' the model tests has 

been made as part of this test program. 

II. THE MODEL AND CALIBRATION 

The overall lqout of the Mayfield power plant hydraulio system is 

shown in Fig. 1. The shaded, area is the area inoluded in the model. An 

overall view of the oompleted model is shown in Fig. 2. Sinoe the major 

ooncern is with the flow characteristios in the forabay, particularly the 

air-entraining vortioes and the water surface stability near the water 

intake struoture, the forebq is the oentral feature. In addition to the 

forebq, the model includes the ourved portion and 300 ft of the straight 

portion of the tunnel supplying the fo reb q • This is to allow a reasonable 

simulation of the flow regime entering the forebq. The upstream end of 

the tunnel is attached to a head tank with a smooth transition to avoid 

excessive flow separation. ·A screen has been installed in the head tank to 

dampen excessive turbulence. River water is supplied to the head tank 

through a 12-inch pipe by gravity. The flow rate is controlled by a valve 

and measured by an orifice meter attached to the supply pipe. Four pen

stocks immediately downstream of the forebq are modeled up to, but not 

inoluding the spiral oase distributor. A 6-inoh disoharge pipe fitted with 

a valve and an orifice meter is oonneoted to the end of each penstook. 

Thus the rate of flow, but not the detailed flow pattern, through the tur

bine was simulated. 

Luoite material was used extensively for the model to facilitate 

visual observations and photography. Exoeptions are the lower half of the 

horseshoe-shaped tunnel, whioh is of molded oonorete, and the bottom por

tion of the transition at the penstook intake, whioh is made of sheet metala 

The total discharge was oontrolled by the valve on the l2-inoh supply 

pipe. The now rate through individual penstocks and the water surface 

level in the forebq were oontrolled by the valves located at the downstream 

end of each penstock. 

The hydraulio perfor.manoe of the model was oompared with field data 

obtained for the three existing units by oomparing data on velooity dis

tributions and water surface levels. Figure:; shows the looations at which 
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data from the prototype were available and comparison with the model pos

sible. Data were taken and compared for oases in which the nominal water 

surface elevation measured at the portal was equal to 414.0, 416.0, 418.0, 

and 423.0. In all cases exoept at El. 414.0, the flow rate was 3500 ofs 

through eaoh of the three existing units. \vi th El. 414.0 the discharges 

were reduoed beoause of rough operating conditions in the field. The field 

data were taken by Barza Engineering Company and made available to the 

Laboratory. Figure 4 is a typioal oomparison of the velooity distributions 

at a section near the tunnel portal. All the velooity data, model and 

prototype, are listed in Table 1. Agreement between model and prototype 

is good except at point 4. The model generally overpredicts the velocity 

near the water surface at point 4. The reason for this disorepancy has 

not been determined, although it is suggested that the flow separation at 

the" prototype tunnel portal may be responsible. The expansion angle of 

the walls at the forebay is too large for a complete expansion to take 

place, and this causes flow separations, as is evidenced by the reverse 

ourrent shown in Fig. 5. Since flow separation is a boundar,y layer phe

nomenon, it cannot be modeled oorreotly in a Froude model. The ourved 

tunnel causes non-uniform flow distribution, which also oomplicates the 

problem. 

To achieve better flow agreement with the prototype, a l/4-in. 

mesh screen was plaoed at the tunnel portal to retard the flow at point 

4. Figure 6 shows a comparison of the prototype data and model measure

ments at the portal after the soreen was installed. A typioal comparison 

of velocity profiles measured near the penstock intakes is shown in Fig. 

7. Various velooity data with the soreen in place are shown in Table 1. 

It is generally agreed that the model with a soreen at the portal satis

factorily simulates the existing prototype oondition. 

Low and high water surface elevations measured with the portal soreen 

in place are summarized in Table 2. A fine mesh screen was also installed 

in each model int~~e to simUlate the prototype trashracks. The use of the 

portal screen provided satisfactory agreement between model and prototype. 

The difference was well within experimental accuracy. Water surface eleva

tions measured at the penstock intakes are generally higher than those 

measured near the tunnel portal (model and prototype). This is due to 
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partial oonversion of kinetic energy to potential energy as the flow de

celerates. Average water surface rises indicated by the model are com~ 

pared with the field data in Fig. 8. 

III. THE QUALITY OF FLOW OBSERVED IN THE MODEL 

The flow entering the foreb~ from the tunnel was observed to separate 

from the side walls at the portal for all oases tested, inoluding the 

existing three-unit operating condition and the planned four-unit oper~ 

tion. As a result, eddies are generated next to the side walls and the 

inflow is ooncentrated near the centerline of the foreb~ like a jet, as 

illustrated in Fig. 5. This imperfeot expansion of the jet oauses uneven 

velooity distribution in the penstook intake area. Relatively oonoen

trated flow near units 42 and 43 is evidenoed by the existenoe of large 

shock waves at the pier noses. This also oauses an uneven water surface 

profile at the intake. Under the existing oonditions, the water surface 

elevation is generally lower at unit 44 than at units 42 and 43. 
Figure 9 shows the measured maximum:and minimum water surface 

elevations for four units operating at Q = 3500 ofs each with nominal 

portal water surface elevation 418.0. The average water surface is highest 

at unit 43 and lowest at unit 41. The amplitude of the water surface fluo

tuations is 1 to 2 ft measured from average surface levels. Figure 10 is 

a photograph t&cen at an arbitrarily seleoted instant showing the exist

enoe of uneven water surfaces at the four intakes. Spatial as well as 

time variations of the water surface at intakes are greater for shallower 

flow (low por~al water surface elevation). Measured velocity distribu

tions and water surface elevations are summarized in Tables 3 and 4, 
respeotively. 

Inte~ittent appearance of vortioes was observed at each b~ for 

all flow depths tested. Frequently, these vortices grew to suoh intensi

ties that they entrained air and carried air bubbles into the penstocks • 

.lI.n air-entraining vortex is visible in the photograph of Fig. 11. 

The model test definitely revealed two major flow problems assooi

ated with the existing configuration: uneven and fluctuating water sur

faces and air-entraining vortices at the intakes. These conditions would 
limit plant operations at lower lake levels. 
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IV. RESULTS OF FLm.,r IMPROVEMENT STUDY 

Various alternatives were oonsidered and tested in order to find 

practioal methods of alleviating the problems desoribed in the previous 

seotion. Sinoe the water surface irregularity at the intakes is oaused by 
the flow separation at the portal, and this reduces the effeotiveness of 

the foreb~ as a diffuser, it is necessary to redirect the flow near the 
portal using guide vanes. A number of alter.native oonfigurations were 

tested using 12- or 18-ft-wide plates as guide vanes. It was found that 
either a single 18-ft plate or two 12-ft plates would largely accomplish 
the objeotive of distributing the flow more (e.venly. to the four intakes. 

After detailed oomparison it was deter.mined that a set of two 12-ft guide 

vanes located as shown in Fig. 12 perfor.med most satisfactorily. These 

. full-height vanes extend from the bottom to the top of the foreb~ (El. 

444.0). The vane looated near the oenterline guides the flow toward unit 
41, and the other vane guides some flow to unit 44. 

The set of full-height guide vanes described above was ver,y effeo
tive in reducing the shock waves at the pier noses and equalizing and 

stabilizing the water surface levels at the intakes. Water surface eleva

tion data taken with the 12-ft guide vanes installed are included in Table 

4 for oomparison with the data taken without guide vanes. Considerable 

improvement in the water surface profile should be noted. The elimination 

of flow separation near the tunnel portal and the improvement of the flow 

near the penstook intake structure were achieved at the expense of flow 

quali ty near the guide vanes t however. Large shock waves were merely 

shifted from the pier noses to the guide vanes. It appears that shook 

waves at the guide vanes would exert large vibrator,y and steady state 

forces on the struoture. Although no attempt was made to measure the 

forces, a rough computation indicates a possible structural problem. 

As a oompromise between structural and flow oonsiderations, a set 
of two l8-ft-wide submerged guide vanes as indioated in Fig. 1; was 

ohosen as the final design configuration (top El. 410.0+). This con

figuration resulted in shock-free flow near the guide vanes without mate

rially worsening the flow near the intakes. There were weak flow separa
tions at the water surface near the tunnel portal, because the guide vanes 
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did not extend to the water surface. Fortunately~ these separation eddies 

are limited to a shallow zone near the water surface, and there was no 

flow separation deeper under the free surfaoe. Figure 14 is a photograph 

showing eddies on the water surfaoe made visible by the motions of oon

fetti. The air-entraining vortioes olearly visible near the intakes oould 

not be eliminated by means of the guide vanes. A typioal set of water 

surfaoe data at the intakes taken with the submerged guide vanes in plaoe 

is shown in Fig. 15. Considerable improvement is noted when this figure 

is compared with Fig. 9. Additional water surface data with submerged 

guide vanes are also inoluded in Table 4 for comparison. 

Average water surface rises from the tunnel portal to the penstock 

intakes without guide vanes and with submerged guide vanes, as predioted 

by the model, are shown in Fig. 16. vii thout guide vanes, the water surface 

rises considerably at intakes 42 and 43, but actually drops at intake 41. 
With the submerged guide vanes the water surface rises modestly at all 

intruces except when the l~ce level is above El. 42;.0. At this high lake 

level, the water surface at intakes 41 and 42 may drop by less than 0.5 ft. 

The Harza Engineering Company believed that a horizontal bracing 
plate was needed to prevent guide vane vibrations. Experiments were con

ducted to determine the effect of the braCing plate on the flow. It was 

found that the plate must be looated deep enough to prevent critical flow 

over the bracing plate. The dimensions indicated in Fig. 13 satisfy this 

reqUirement. 

Various types of vortex suppressors were tested. A submerged hori

zontal plate was found to be effeotive provided that it spanned the entire 

width of the int~ce bay. This is not very practioal, beoause the plate 

would interfere with the gate structure. To avoid this interference, a 

shorter horizontal plate supplemented by two vertioal lvings (shown on 

right in Fig. 17) must be used. An alternate devioe which will be very 

effeotive in eliminating vortioes and will not interfere with the gate 

struoture is the V-shaped vortex suppressor shown in Figs. 17 and 18. 

Figure 19 shows the improved water surface flow pattern near the intakes 

with the V-shaped vortex suppressors in place. Comparison of this photo

graph with Fig. 14 indicates the effectiveness of the vortex suppressor. 
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The V-shaped vortex suppressor was tested for various flow conditions, in

oluding water surface elevations ranging from 414.0 to 423.0 and disoharges 
through each unit var,ying from 2S00 cfs to 4200 cf-a with all four units 
operating. The vortex suppressor was found to be effeotive for all the 

flow conditions tested. No air-entraining vortices were observed at any 

time. 

The effectiveness of the submerged guide vanes and the V-shaped 

vortex suppressor was also verified for partial flow conditions. Various 

combinations of three-unit and two-unit operation were tested. In general, 

velocities were lower and the flow less turbulent than when four units 
were operating. Thus the oombination of the proposed guide vanes and the 

vortex suppressors appeared satisfactor,y for all possible operating con

ditions. The results of the partial flow tests are summarized in Table 5. 

V. CONCLUSIONS 

.A. l: 36 scale model including tunnel 9 forebay, intakes, and penstocks 

was constructed and tested. The model satisfactorily simulated the hy

draulic perfor.mance under the existing prototype conditions. The model 

also revealed two major problems associated with the existing configura
tion. The first problem is the existenoe of large shock waves at the pier 

noses and the uneven and fluctuating water surfaoe at the intakes believed 
to be caused by the flow separation near the tunnel portal. The second 

problem is the existence of air-entraining vor.tices in the intake bays. 

Two 12-ft-wide full-height guide vanes placed near the tunnel 
portal would redistribute the flow more unifor.mly and alleviate the ir

regularities in the flow near the intake struoture. However, this would 

merely transfer the shook waves from the pier noses to the guide vanes, 
pOSing a structural problem for the guide vanes. Therefore, as a final 

design, two lS-ft-wide submerged guide vanes are reoommended. The sub

merged guide vanes are almost as effeotive as the full-height guide vanes 

in regulating the flow near the intake structures and have the advantage 

of oreating no shook-wave irregularities near the guide vanes. Shock 
waves would oanse struotural design difficulties. 
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A horizontal submerged plate spanning the entire width of an intake 

bay will prevent the formation of air-entraining vortices. If a gap at 

each end of the plate is necessary to avoid interference with the gate 

structure, vertioal wingwalls must be added to the horizontal plate. 
Equally effeotive in suppressing the vortioes is a V-shaped vertioal 

suppressor. The adoption of this V-shaped vortex suppressor is reoom
mended, beoause it appears to be the most eoonomioal of the alternatives 
oonsidered. 
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TABLE 1. Comparison of velocity distributions, model with and without portal 
screen and prototype~ Q = 3500 cfs for units 42, 43, 44; Q = 0 for 
unit 41. 

0.2 ])e12th 0.6 ])e12th 0.8 ])e]2th 

Nomi- Model Model Model Model Model Model 
nal w/out with Proto- w/out with Proto- w/out with Proto-

Elev. Point Screen Screen ~ Screen Screen ~ Screen Screen t3!:l2e 

414 2 11.06 11. 78 11·46 11.28 11.74 11·90 11. 28 11.60 11·46 

3 9·82 10.62 10.82 11·34 11·48 11·46 11·94 11.50 11.25 

~. 7.48 6.54 5.64 10.54 8.82 8·43 11.12 9·96 9·74 
6 6.36 6.54 4·92 7.78 6.88 6.39 8.36 6.94 7·44 

7 5.54 5.30 4·60 7·37 5·82 7·42 8.00 6.16 8·39 
8 4.84 5·40 3·25 7.20 5·90 5.26 9·22 6.64 7·45 

416 2 11.10 12·30 12.12 11·41 12·48 11.68 11·34 12·38 11~46 

3 10·30 11·76 11.03 11.11 12·30 11.68 11.34 12·30 11.68 

4 7·99 7·46 8.21 10.66 8.64 8.66 11.86 9·56 10.60 

6 6.00 6·45 4·60 7·12 7·05 6.20 7.96 7·40 8·70 

7 4·52 5.66 5·27 6.84 6.24 6·32 7·48 6.64 7 ·41 
8 4·85 5.60 5·41 6.56 6·42 5·90 8·50 7·48 7·40 

418 2 11. 78 12.10 11.25 11.92 11.82 11.03 12.02 11.62 11.03 

3 11.82 11.24 10·38 12·34 11.86 11.03 12·32 12.04 10.82 

4 10.60 7·48 7.36 11·54 8.80 8.66 11·48 10·39 9.96 
6 5·30 5·31 5.88 4·95 6.80 6.79 

7 5·20 5·39 5.60 5.32 6.08 6.61 

8 5.54 4·08 6·48 4.13 6.92 6.50 

423 2 10.22 9·74 10.20 9·74 10.32 

3 9·40 9·52 10.28 9·52 10.40 

4 5.68 5·85 7·00 8.10 8·43 
6 4·60 5·28 5·92 
7 4·46. 4·92 5·44 
8 4.72 3·55 4· 74 5.07 5.22 6.05 



TABLE 2. Comparison of water surface elevations, model with 
portal screen and prototype. Q = 3500 cfs for units 
42, 43, 44; Q = 0 for unit 41. 

Nominal Model With Screen Protot;}!]2e 
E1ev. Point High Low Avg. Avg. 

414 1 414·1 413.6 413·3 413·9 
3 414·4 414·1 414·2 413·9 
5 414.5 414·3 414·4 413·9 

10 414·8 414·0 414·4 414·7 
11 415.6 414·6 415.1 415.0 
12 414·1 413. 6 413.9 414·1 

416 1 416.0 415·4 415.7 415.8 

3 416.1 415·9 416.0 415.8 

5 416·3 415·9 416.1 415.8 
10 416.3 415.2 415~8 416.4 
11 417·4 416.,5 417.0 417·0 
12 416.3 415·3 415·8 416.0 

418 1 417;.5 417·0 417·3· 418.0 

3 417·5 417.1 417.3 418.0 

5 418.2 418.0 418.1 418.0 
10 418.6 417.2 411.9 418.4 
11 419·2 418.0 418.6 419. 2 
12 417.6 416.8 417.2 418.2 

423 1 422.9 422·3 422.6 422.6 

3 422.9 422·7 422.8 422.6 

5 423·1 422.·9 423. 0 422~6 

10 423·3 422.6 423. 0 42~.8 

11 423.7 422·9 423.3 423·4 
12 422.5 ·422.1 422·3 . 422.6 



TABLE 3. Velocity distribution predicted by model with portal screen, 
four units operating without guide vanes, Q = 3500 cfs for 
each unit. 

Nominal 
Elev. Point 0.2 Depth 0.6 Depth 0.8 Depth 

416 2 15.86 15·42 15.64 
3 15.82 16.64 16.26 

4 11.22 13.54 15.28 
6 6.80 7·32 7·50 
T 5·42 5.94 6.12 
8 5.82 6·46 6.28 

9 7·90 7.36 7.84 

418 2 14·90 15.04 14·89 
3 14·82 14·90 14·97 
4 11.14 12.16 14.14 
6 6.18 6.78 7.16 

7 5.18 5.62 6.08 
8 5·52 6·40 6.74 
9 7·42 6·94 7.26 

423 2 13·28 13·28 12·90 
3 12·56 13·34 13·52 

4 9.54 10·46 12·78 
6 4·96 5·54 5·94 
7 4·47 4·60 5.24 
8 4·98 5.24 5.90 
9 5.66 6.18 6·58 



T1\J3LE 4. Water surface elevations with four units in operation -- Q = 3500 cfs 
for each unit -- without liuide vanes, with 12 ft guide vanes, and 
with 18 ft submerged guide yanes. 

Nomi- With 18 ft Submerged 

nal Without Guide Vanes With 12 ft Guide Vanes Guide Vanes 

Elev. Point ~ Low Avg. High Low Avg. ~ Low Avg. 

416 1 417·0 1Jl5.6 416.3 416.1 414.7 415·4 415.7 414.8 1Jl5·3 
3 417.1 1Jl6·5 1Jl6.8 1Jl7·8 417.0 417·4 416·9 416.2 1Jl6.6 
5 415.8 1Jl4·5 415.2 415·1 414·3 414·7 416.4 415·4 415·9 

10 1Jl8.5 414·6 1Jl6.6 417·9 416.3 417.1 418.2 416.8 417.5 
11 419.7 1Jl7.7 418.7 417.6 1Jl6·4 417.0 1Jl8·3 416.7 417.5 
12 419.4 417.1 418·3 417.2 415.3 416·3 418.2 415.9 417.1 
13 416.6 414·0 415·3 417.1 415·0 416.1 417·5 415.3 1Jl6·4 

418 1 418·4 417.7 418.1 417·7 417.3 417.5 417·4 415·4 416·4 
3 419.2 418·4 418.8 419·6 418.3 419·0 418.6 417 ·4 418.0 
5 418·9 417·7 418.3 418·7 417·1 417·9 417·7 416·3 417.0. 

10 420·4 417·5 419.0 419.4 417·9 418.7 419·3 418.0 418.7 
Ii 421.6 419.4 J+20.5 1Jl9·6 418·4 419:.0 419.1 417·9 418.5 
12 420.8 419.0 419·9 419· 7 417·8 418.8 418·7 416.5 417·6 
13 419. 2 416.8 418.0 419·5 417·9 418.7 419·0 416.7 417·9 

423 1 423·4 422.7 423.1 423.6 422·4 423.0 423.3 422.6 423.0 
3 423·3 422·7 423.0 424.9 423.9 424·4 423.0 422·3 422·7 
5 423·4 422·4 422·9 424·1 423.2 423·7 423·3 422·3 422.8 

10 424.6 422.8 423·7 423·9 423·2 423.6 . 423.6 422.8 423.2 
11 425·9 424.2 425.1 424·2 423.3 423·8 423·9 423.1 423·5 
12 425.1 423·4 424·3 423·9 422·4 423.2 423.2 422.1 422·7 
13 423.6 421·5 422.6 424·4 422.9 423·7 423·2 422.0 422.6 



TABLE 5. Water surface e.levations for partial operating 
conditions with 12 it surface piercing guide 
vanes. Nominal e1ev. = 418 ft. 

Penstocks 
MOdel with Screen 

Running Point -- High Low Avg. 

41 and 42 13 418.2 417·7 418.0 
12 418·3 417.6 418.0 
11 418·4 418.2 418·3 
10 418.2 417·9 418.1 

41 and 43 13 417 ·9 417~2 417·6 
12 417·8 417. 0 417.4 
11 417. 6 416.8 417·2 
10 418.0 417·7 417·9 

41 and 44 . 13 417·7 417·3 417.5 
12 417·9 417·6 417.8 
11 418.2 417·7 418.0 
10 417·7 417·3 417·5 

42 and 43 13 418·3 417·8 418.1 
12 418.0 417·3 417.7 
11 418·4 417·7 418.1 
10 418·5 417·7 418.1 

43 and 44 13 417·9 417·5 417·7 
12 418·4 418.2 418·3 
11 418.7 417·4 418.1 
10 418.8 418.2 418·5 
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vortex suppressor in place 
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Fig. 5 - (Ser. No. 228-115) Photograph showing flow separations 
and reverse currents near tunnel portal 
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Fig. 14 - (Ser. No. 228-70) Surface eddies with submerged guide vane, 
but with out vortex suppressor 
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Fig. 19 - (Ser. No. 228-92) Flow pattern at the water surface with 
vortex suppressor in place 


