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1. INTRODUCTION 

The Northern States Power Company's Wilmarth Power Plant is 
located at the east bank of the Minnesota River just downstream of 
Ma.nkato (Figs. 1 and 2). The plant receives its cooling water from an 
adjaecnt intake on the river (Figs. 2 and 3). A permanent sand bar is 
loea.l/ed on the east bank Of the river just upstream of the intake (Fig. 3). 
The presence of this bar and its imminent downstream migration threatens 
t.he supply of cooling water from the river for the operation of the plant. 

III t.he summer of 1986, H. Johannesson and G. Parker of St. Anthony 
Ji'alls Hydraulic Laboratory conducted a brief study of the problem. They 
concluded that it is associated with a reversal in the sense of the river bend 
al. t.he intake. At the time of the construction of the plant in 1949, the 
illj/a.ke was located at the downstream end of the outside (east side) of a 
bond (Fig. 4). Since then, the sense of the bend has reversed, resulting in 
j,he rormation of a large point bar just upstream of the intake (Figs. 3 and 
1). This bar is the cause of the sedimentation. Further,' the excessive river 
width upstream of the intake (Fig. ,3), combined with the proximity of the 
high velocity to the west bank of the river, encourages deposition near the 
cnsti bank. If no remedial measures are taken, it is anticipated that the bar 
inself will eventually become vegetated and replace the east bank of the 
I'i vcr. 

The recent removal of a floodplain dike, which was located at the west 
ba.nk opposite the intake (Fig., 3), and the deteriorating state of the west 
bank at an adjacent excavated zone (Fig. 3) will further accelerate the 
silta.tion process near the intake. Furthermore, an avulsion of the river into 
t,]lC excavation during a high flood could isolate the intake of the plant from 
the river. 

In the faU of 1986, a survey of conceptual viable design alternatives 
tha.t would improve the long term supply of cooling water for the plant was 
conducted at St. Anthony Falls Hydraulic Laboratory at the request of 
Nort.hern States Power Company [Diplas, Johannesson, and ,Stefan, 1986]. 
The four alternatives considered therein were river training, intake 
modification, intake relocation, and Ranney wells. The river training 0ftion, 
possibly of the type recommended by Johannesson and Parker [1986 and 
perhaps combined with some intake modification, was found to be the least 
expensive alternative, with a high probability of success in providing the 
pla.nt with cooling water. This solution involves stabilizing the west bank of 
Lho river to eliminate the possibility of worsening channel alignment at and 
upsliream of the intake, and to preclude an avulsion of the river. Spur 
dikes would then be used to divert the flow from the west bank, towards 
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the cast bank and the int.ake. This should cause the bar upstream of the 
intake to be substantially reduced in size. It was recommended by Diplas 
et al. [1986] that a model study should be performed to determine the 
optimum location of the dikes. 

The purpose of this study is to summarize the reasons for the present 
Rilt/ation problem at the Wilmarth Power Plant, and in doing so to 
document the past history of the channel plallform in the vicinity of the 
plant. Aerial photographs are used to· determine previous channel alignment 
at the intake. Flow field and bed topography are calculated both for the 
pa.st and t;he present channel alignment. The computed results are used to 
detormine a channel alignment (to be created with, for example, spur dikes) 
t.hat gives favorable conditions at the intake. This will prove helpful in 
cJet;crmining the location of river training devices when performing the model 
study. Furthermore, the possible impact· of the proposed solution on the 
river channel, both upstream and downstream of the plant, is addressed. 
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H. TIlE CmOMOllPJlIC SETTING 

The Minnesota River, shown in Fig. 1, originates at Big Stone Lake 
ncar the border of Minnesota and South Dakota. From its source to 
Mankato, it flows in a southeasterly direction. At Mankato, it abruptly 
changes direction and flows northeasterly toward its confluence with the 
Mississippi River. 

The river, valley 

Along the study reach, the Minnesota River has roughly straight 
parallel walls (Fig. 2). The valley has a bottom width of about 3000 ft 
(0.9 km). The west wall is elevated approximately 230 ft (70 m), and the 
east wall about 70 ft (20 m), above the -valley bottom. 

Borehole logs obtained from _ the Minnesota Geological Survey suggest 
I,hat t.he valley around Mankato has top soil 10 ft (3 m) thick, composed of 
clayey silt. B~low the topsoil there are 20 ft (6 m) of sand and then 26 ft 
(8 m) of medium to coarse sand. 

Channel planform 

Throughout most of its length, the Minnesota River displays a classical 
meandering pattern. Bends tend to erode in the outward direction and shift 
in the downstream direction. From Fig. 2, it is apparent that within the 
area selected for the model study, the river varies from straight to only 
l:nildly sinuous. Further downstream, e.g. the reach studied by Johannesson 
and Parker [1985](Fig. 2), the river is more sinuous, 

Aerial photographs for the years 1938, 1950, 1958, 1961, 1964, 1968, 
1971, 1980, 1987, of the area to be modeled, and a topographical map based 
on aerial photographs from 1973 were obtained. The topographical map and 
t.he a.erial -photographs from 1938, 1961, and 1987 were enlarged to a 
common scale. In Fig. 4 the 1938, 1961, and 1987 river channels are 

- shown. It is apparent from Fig. 4 that the fact that the river hugs the 
()a.HI, valley wall has helped stabilize the channel over the last 40 years. -

The recent siltation problem at the intake was first noticed in 1981 
(see t.he appended letter by J. M. Pappenfus dated 1983). It is important 
to note that Fig. 4 illustrates that the problem is not due to any recent 
aet.ivHies in the floodplain, as suggested by Pappenfus [1983]. Rather, the 
problem is due to progressive downstream migration of a bar-like bend 

3 



wlliell from 1938-1961 shifted 1100 ft' (340 m) i.e. (48 ft/year or 1.5 
IlIjyear), and from 1961-1987 shifted 1200 ft (370 m) i.e. (46 it/year or 14 
In/yoa.r) in the downstrea.m direction towards the intake. 

It is useful to compare Fig. 4 with Fig. 5 where the 1938, 1961, and 
1980 channels of the Minnesota River in the more sinuous stretch studied by 
Johnnnesson and Parker [1985] are shown. Although the two reaches may 
at first look quite different, the classical migration pattern of outward 
growth and downstream shift is common to both. The maximum 
dowllstream shift of a bend observed for the reach of Fig. 5 is 40 ft/year 
(12 Ill/year), which is only about 15 per cent smaller than the value 
Illoasured for the bar-like bend causing the siltation problem at the intake. 
H should, however, be emphasized that these are maximum values, and the 
;wol'a.ge channel shift .for the reach of Fig. 5 is much lower. In particular, 
high bend amplitude typically tends to slow down the downstream shift of 
bonds. The small amplitude of the bar-like bend in question explains its 
rapid downstream migration. 

In Table 1, several dates of interest as regards the site are recorded. 
r 1. is important to realize that although the conclusion has been reached that 
t,lJ() floodplain activities listed in Table 1 did not cause the siltation problem 
n1. the intake, several of them do contribute to making the present situation 
very unstable. In particular, the stability of the west bank along the 
excavated zone shown in' Figs. 3 and 4 is questionable. This, together with 
the removal of the floodplain dike, has considerably increased the possibility 
of channel avulsion to the west during high flood. During the calibration of 
the physical model, it was found that at. a flow of 40,000 cfs, both the 
pat tern of sediment deposition and the streaklines of the surface flow 
illdicated a tendency for the flow to leave the channel along the west bank 
opposite the bal'. It then flowed through the excavation and over the 
floodplain across the previous location of the spur dike (see Fig. 3) and 
rc-cn tercd the channel downstream. This path of flow, demarcated in Fig. 
6, suggests the most likely route of avulsion that might occur in the future 
if the wcst bank is not protected along the excavated zone. 
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T AI3LE 1. Dates of Interest 

Activity 

Operation of the NSP Wilmarth 
Power Plant commenced 

'u.S. Hwy 14 bridge built in 

Excava.tion done between 

Floodplain dike, constructed between 

Sedimentation problem at the inta.l{e 
first noticed in 

Floodplain dike removed in 

5 

Year 

1949 

1976 

1971-1980 

1971-1980 

1981 

1986 



III. THE HYDRA ULI C SETTING 

Jlydrology 

'rhe Minnesota River is not gaged within the length of the study 
reach. However, inferences as to hydrologic conditions can be made from 
(jhe gaging station at Mankato (Fig. 2) and water level readings taken at 
tho intake. The gaging station at Mankato has been in operation since 
1903. The difference in discharge between the study reach and Mankato 
wa.s a.ssumed Lo be negligible due to the lack of substantial tributaries in 
bot,ween. Data for various flood flows are listed in Table 2; the information 
was compiled by the U. S. Geological Survey. 

Channel Geometry 

A total number of 60 cross-sections within the niodel area were 
surveyed by John W. Gorman, Inc., in the fall of 1987. Half of those 
sections (or 30 sections), the locations of which are shown in Fig. 6, were 
used in the construction of the physical model. The cross-sectional 
charactedstics of those sections which had a fairly flat bed and what can be 
considered a characteristic channel width are listed in Table 3. These 
measurements, together with a rating curve for the gage at Mankato and the 
water level readings taken at the intake, allowed for estimation of average 
ba.nkfull geometry and associated flow parameters for the river reach 
included in the model study (Table 4). . 

Flow 

Bankfull 
2-year 
5-year 
10-year . 
25-year . 
50-year 
100-year 

TABLE 2. Various Flood Flow for the 
Minnesota River 

Discharge 
at :Mankato 

(cfs) 

Discharge 
at Mankato 

(IT}.3/S) 

570 
410 
800 

largest on record 

20,000 
14,400 
28,300 
39,000 
53,500 
64,800 
76,300 
94,100 

1100 
1510 
1830 
2160 
2660 
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'l'A n LI';:L Cross-Scctional Chal'act;crist.ics 
at Bankfull Flow 

Cl'mm-Scet.ioll Top Widt.h Mean Depth 
(No.) (ft) (fL) 

1 399 13.7 
2 330 14.2 
3 346 15.2 
4 355 14.7 
5 367 15.1 
6 380 14.9 
7 397 15.0 
8 336 15.0 
9 349 15.0 

10 320 15.0 
22 270 18.7 
30 269 17.7 

TABLE 4. Average Parameters at Bankfull Flow 

Water surface slope 

Channel Width 

Mean depth 

Discharge 

Mean particle gain size 

Mean flow velocity 

Froude number 

7 

I ;:::: 1.9xl0"4 

B ;:::: 343 ft (l05 m) 

H ;:::: 15.4 ft (4.68 m) 
Q ;:::: 20,000 cfs (570 1113/S) 
D50 ;:::: 0.00148 ft (0.45 ffi:1n) 
U ;:::: 3.80 ft/s (1.15 m/s) 

F ;:::: 0.17 



IV. SUGGESTED IMPROVED CHANNEL ALIGNMENT 

The present channel alignment, together with the measured bed 
topography, is shown in Fig. 7a. It is seen that the width of the channel is 
approximately 343 ft (105 m) upstream and downstream of the bar, but can 
be a.s large as 600 ft (180 m) in the area of the bar. Furthermore, as is 
a.ppa.rent from the geometrical constraint that the bar puts on the flow, 
most of the water flows around the bar rather than across it. The pathway 
a.round the bar has a width similar to the typical channel width of 343 ft 
(105 111). 

The above observation leads to the conclusion that the present channel 
can be modeled numerically as a constant-width channel of 343 ft (l05 m), 
with the left bank following the present west bank of the river and a right 
han k determined from the constant width criterion. The numerical 
ca'\<;ulation was done using program BOTN developed by Johannesson [1988J. 
'j'he input data is summarized in Table 4. The predicted bed topography 
for thifl channel (called channell) is shown in Fig. 7b, for a bankfull flow 
rate of 20,000 ds (570 m3/s)). This bed topography is seen to agree rather 
well with that measured in the field (Fig. 7a). 

By· comparing Fig. 7a to Fig. 4, it is seen that the channel alignment 
that, existed in 1961 can be approximated by a constant-width channel of 
3t1:3 ft (l05 m), created by letting the right bank follow the present east 
bank of the river, and defining a left bank from the constant width 
criterion. This channel (called channel 2) is shown in Fig. 7c to~ether with 
the predicted bed topography for bankfull flow rate of 20,000 cfs l570 m3/s) . 

It is seen by comparing Figs. 7b and c that channel 2 gives 
considerably improved conditions at the intake. For configuration (1), the· 
thaI wag (deepest pOint) of the channel crosses from the left bank to the 
right bank exactly at the intake. However, for channel 2 there is a 500 ft 
rcaeh upstream of the intake within which the bed is almost flat. This 
reHlllt is more easily visualized in Fig" 8, in which the maxjmum transverse 
variation in the bed elevation is plotted· as a function of down-channel 
distance, as measured in the field and as predicted for channels 1 and 2. 
Bo(,h the field values and the values predicted for channel 1 indicate that 
the channel is deep at .. the left bank (west bank) just. upstream of the 
intake, and at the right bank· about 400 ft (120 m) downstream of the 
intake. For channel 2 the deepest scour and the bar is seen to be shifted 
about 500 ft (150 m) upstream, creating a 500 ft (150 m) reach of relatively 
rial, bed upstream of the intake. The reas6n for this shift in the upstream 
direction becomes apparent upon analysis· of Fig. 9, which shows the 
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turvature of the channel centerline as a function of down-channel distance 
for channels 1 and 2. It is seen that the location of maximum curvature 
for channel 2 is 600 ft (180 m) upstream of the 'corresponding location for 
channel 1. 

The locus of high velocity, defined to be a distance from the channel 
cell terline proportional to the variation of the velocity at the left bank from 
t he mean veloci ty, is shown in Figs. 7b and c. Ikeda et al. [1981 J assumed 
the bank erosion to be proportional to this parameter. For channell, the 
model predicts erosion at the west bank from section 14 to section 19, with 
Home possible erosion of the east bank at sections 10 and 13. This is 
consistent with a downstream migration of the present bar. For channel 2 
the model predicts erosion at the west bank from section 12 to section 19, 
and erosion of the east bank at section 10. It therefore appears that 
channel a.lignment No. 2 woule! not reverse the present trend and cause 
damaging erosion at the east ba,nk; erosion of the east bank at section 10 
would only further improve the conditions at the intake. 

It is important to note that in the case of channel 2, the bar and the 
corresponding opposite ,scour at the west bank is shifted about 500 ft (150 
m) upstream of the, present position. It would thus put pressure on the 
west bank at a position well upstream of that for channel 1. Although the 
model predicts erosion only for sections 12 to 19, scour at the toe of the 
west bank is predicted to' start at section 9. As a result, any west bank 
reconstruction should continue at least as far upstream as section 9. 
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V. CONCLUSIONS AND RECOMMENDATIONS 

1. The present siltation problem at the intake is due to the 
progressive downstream migration of a bar-like bend. In the 
period 1938--1961, this bar shifted ·1100 ft (340 m), corresponding 
to a shift rate of 48 ft/year or 15 m/year. In the period 
1961-1987, it shifted 1200 it (370 m) corresponding to a shift rate 
of 46 ft/year or 14 m/year in the downstream direction towards 
the intake. . 

2. Although the conclusion has been reached that the floodplain 
activities listed in Table 1 did not cause the siltation problem at 
the intake, several of them contribute to making the present 
situation very unstable. In particular, the stability of the west 
bank along the excavated zone (Figs. 3 and 4) is questionable. 
This lack of stability, together with the removal of the floodplain 
diJ<e, has considerably increased the possibility of channel avulsion 
during a high flood .. 

3. The 1961 channel alignment can be approximated by a 
constant-width channel 343 ft (105 m) created by letting the right 
bank (looking downstream) follow the present east bank of the 
river, and deterniining the left bank from a constant width 
criterion (Fig. 7c). Numerical simulation done for this channel 
predicts much-improved conditions at the intake. This channel 
alignment should be used as a guide when deciding upon· the first 
set of spur dikes to be tried in the second phase of the model 
study. 

4. The numerical results indicate the desirability of returning the 
river channel in the vicinity of the intake to its alignment of 
1961. For this proposed channel alignment, scour will start along 
the west bank upstream of the point where it begins for the 
existing alignment. As a result, any west bank reconstruction 
should continue at least as far upstream as section 9. 

5. The numerical results suggest that the proposed new channel 
alignment will not require any protection of the east bank of the 
river. That is, the proposed solution will not simply reverse the 
problem to the opposite side of the river. 
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6. By comparing Figs. 7b and c, it is seen that the influence of the 
proposed solution is felt by the river only as far upstream as 
section 8 and only as far downstream as section 19. Some 
backwater effect may be felt further upstream. The issue of 
backwater effect is not addressed specifically herein. As long as 
the dikes do not constrict the river to less than its typical width 
of 343 ft (105 m), or to about 300 ft (90 m) as recommended by 
Johannessonand Parker (1986), this effect is expected to be 
minimal. 
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Fig. 3. Conditions at the intake in 1987. Note the location of the sand bar just upstream of the 
intake. 
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model, is sketched. 
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DA1"E October 21 J 1983 
Mike I'appenfus Plant Superintendent LOCATION Wilmarth 

H. Schentzel Adm. Hegulat::H'Y Liaison LOCATION ERAD 

SAN]) REMOVAL FROM IN FRONT OF THE SCREENHOUSE 

The purpose of this letter and attachment is to describe "Wbat "We would like to do in so far as removing and accumulation of sand that has built up in the river in front of our screenhouse and to request that you present these plans to the Corps of Engineers and obtain their approval. Expeditiously handling of this request "Will be appreciated as "We "Would like to undertake this project around the middle of November. 

Note, "We are uncertain as to the long term effect of our effort. Two years ago sand accumulations in the screenhouse also "Were a problem. The screenhouse then "Was de"Watered and cleaned out. In over 30 years of operation that "Was the first time the problem "Was noticed. We are suspicious that recently the river has changed. The Mankato Flood Control Project and the removal of a-large area of river bank just upstream from the plant has occurred in this time period. Perhaps tbese actions have contributed to our problem. More study i6 needed, but in the meantime "We must operate. We plan to closely monitor the river contour around our screenhouse in tbe future to access the longi vi ty of our effort and note furtber changes affecting ::mr operations. 

Should you need more information let me Imo"W. 




