






































Spillway

Discharge measurements 5, 13, 15, and 20 (table 2) were made during free
weir flow over the spillway. Free weir flow over a spillway, as defined by
Collins (table 1), occurs when the ratio of tailwater depth (h3) to headwater
depth (hq) is less than 0.6. Both depths are referenced to the spillway crest.
The greatest submergence ratio (h3/hq) measured for the spillway was only 0.20.
Submerged weir flow, which occurs when the submergence ratio (h3/hq) is equal
to or greater than 0.6, did not occur during the study period; thus, the
general submergence ratio suggested by Collins (0.6) is assumed to be appli-

cable for the spillway.

Upstream pool stage for the discharge measurements ranged from 4.05 to
5.90 ft, and discharge ranged from 169 to 2,990 cubic feet per second (ft3/s)-
The discharge coefficients for free weir flow defined by the measurements
ranged from 2.61 to 3.14 (table 2). The relation between headwater depth (hq)
and free weir discharge coefficient for the spillway is shown in figure 6.
The resulting equation relating the discharge coefficient for free weir flow

to headwater depth is

Cy = 2.94 h10.087 . (5)

10.0 T T T T T T T T T T T T T T

'50 Discharge measurement and number (table 2) i

0.087 =

Cy= 2.94h,

FREE-WEIR COEFFICIENT (C,)

HEADWATER DEPTH (hy), IN FEET

Figure 6.--Relation between discharge coefficient for free weir flow and
headwater depth for spillway (fish ladder included).
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Discharge for free weir flow over the spillway is computed by combining
equation 3 in table 1 with equation 5 for the free weir coefficient (cw). The

resulting equation of discharge is
Q = 847 (hy)1-3° (6)

where hq is the headwater depth above the spillway crest. Discharges for
free weir flow over the spillway are given in table 3 and are extrapolated to
include the historical peak stage of 6.36 ft.

Sluice gates

Nineteen discharge measurements, ranging from 180 to 4,050 ft3/s, were
made to describe flow under the sluice gates. Characteristics of flow and the
discharge coefficient associated with each measurement are listed in table 2.
Discharge coefficients, required for the equations of flow (table 1), were
determined for free weir, free orifice, and submerged orifice flow. Submerged
weir flow did not occur during the study period.

Nineteen measurements of discharge, stage, and gate opening provided data
for identifying the flow regimes for the sluice gates at McHenry Dam. The
criteria for identifying free weir flow are that the ratio of gate opening
(hg) to headwater depth (hq) is greater than 0.73, and the ratio of tailwater
depth (h3) to the headwater depth is less than 0.75 (fig. 4). Submerged weir
flow occurs when h /h1 is greater than 0.73, and h3/h1 is greater than 0.75.
Orifice flow occurs when h /h1 is less than 0.73 (the bottom of the gate must
be touching the water surface) and is free orifice flow when the submergence
ratio (h3/hg) is less than 1.3. Submerged orifice flow occurs when the sub-

mergence ratio is equal to or greater than 1.3.

Free weir flow under the sluice gates occurred during measurements 1, 3,
9, 17, and 23 (table 2). The headwater-pool stage ranged from 2.64 to 5.20
ft, and the discharge ranged from 2,100 to 4,050 £t3 /s. A discharge coef-
ficient for free weir flow of 3.17 was defined by the measurements (fig. 7).
Discharge for free weir flow under five sluice gates is computed by using
using equation 3 in table 1 and a coefficient of 3.17. The resulting equation
of discharge is

Q = 218 (hy) 13 (7)

where hqy is headwater depth above the sluice-gate sill. Discharges for free
weir flow are given in table 4.

Measurements 2, 4, 6-8, 10-12, 14, 16, 18, and 19 were used to calculate
discharge coefficients for free orifice flow. Discharge coefficients varied
from 0.48 to 0.66 for free orifice flow for a range of gate openings (fig. 8).
The resulting equation relating the discharge coefficient for free orifice
flow to gate opening (hg) is

C = 0.57 (hg)‘°°°84. (8)
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Figure 7.--Relation between discharge coefficient for
free weir flow and headwater depth for
sluice gates.
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Table 4.--Discharge rating table for free weir flow under five sluice gates

Headwater Headwater pool stage, in hundredths of feet
pool stage,
in feet! .00 .01 .02 .03 .04 +05 <06 «07 .08 .09

Discharge, in cubic feet per second

0.2 640 645 649 654 659 663 668 673 678 682
0.3 687 692 697 702 707 711 716 721 726 731
0.4 736 741 746 751 755 760 765 770 775 780
0.5 785 790 795 800 805 8N 816 821 826 831
0.6 836 841 846 851 857 862 867 872 877 882
0.7 888 893 898 903 909 914 919 924 930 936
0.8 940 946 951 956 962 967 973 978 983 989
0.9 994 1,000 1,000 1,010 1,020 1,020 1,030 1,030 1,040 1,040
1.0 1,050 1,050 1,060 1,070 1,070 1,080 1,080 1,090 1,090 1,100
1.1 1,100 1,110 1,120 1,120 1,130 1,130 1,140 1,140 1,150 1,160

1.2 1,160 1,170 1,170 1,180 1,180 1,190 1,200 1,200 1,210 1,210
1.3 1,220 1,220 1,230 1,240 1,240 1,250 1,250 1,260 1,270 1,270
1.4 1,280 1,280 1,290 1,290 1,300 1,310 1,310 1,320 1,320 1,330
1.5 1,340 1,340 1,350 1,350 1,360 1,370 1,370 1,380 1,380 1,390
1.6 1,400 1,400 1,410 1,420 1,420 1,430 1,430 1,440 1,450 1,450

1.7 1,460 1,460 1,470 1,480 1,480 1,490 1,500 1,500 1,510 1,510
1.8 1,520 1,530 1,530 1,540 1,550 1,550 1,560 1,560 1,570 1,580
1.9 1,580 1,590 1,600 1,600 1,610 1,620 1,620 1,630 1,630 1,640
2.0 1,650 1,650 1,660 1,670 1,670 1,680 1,690 1,690 1,700 1,700
2.1 1,710 1,720 1,720 1,730 1,740 1,740 1,750 1,760 1,760 1,770

2.2 1,780 1,780 1,790 1,800 1,800 1,810 1,820 1,820 1,830 1,840
2.3 1,840 1,850 1,860 1,860 1,870 1,880 1,880 1,890 1,900 1,900
2.4 1,910 1,920 1,920 1,930 1,940 1,940 1,950 1,960 1,960 1,970
2.5 1,980 1,980 1,990 2,000 2,010 2,010 2,020 2,030 2,030 2,040
2.6 2,050 2,050 2,060 2,070 2,070 2,080 2,090 2,090 2,100 2,110

2.7 2,120 2,120 2,130 2,140 2,140 2,150 2,160 2,160 2,170 2,180
2.8 2,190 2,190 2,200 2,210 2,210 2,220 2,230 2,240 2,240 2,250
2.9 2,260 2,260 2,270 2,280 2,290 2,290 2,300 2,310 2,310 2,320
3.0 2,330 2,340 2,340 2,350 2,360 2,360 2,370 2,380 2,390 2,390
3.1 2,400 2,410 2,420 2,420 2,430 2,440 2,440 2,450 2,460 2,470

3.2 2,470 2,480 2,490 2,500 2,500 2,510 2,520 2,530 2,530 2,540
3.3 2,550 2,560 2,560 2,570 2,580 2,590 2,590 2,600 2,610 2,610
3.4 2,620 2,630 2,640 2,640 2,650 2,660 2,670 2,680 2,680 2,690
3.5 2,700 2,710 2,710 2,720 2,730 2,740 2,740 2,750 2,760 2,770
3.6 2,770 2,780 2,790 2,800 2,800 2,810 2,820 2,830 2,830 2,840

3.7 2,850 2,860 2,870 2,870 2,880 2,890 2,900 2,900 2,910 2,920
3.8 2,930 2,940 2,940 2,950 2,960 2,970 2,970 2,980 2,990 3,000
3.9 3,010 3,101 3,020 3,030 3,040 3,040 3,050 3,060 3,070 3,080
4.0 3,080 3,090 3,100 3,110 3,120 3,120 3,130 3,140 3,150 3,160
4.1 3,160 3,170 3,180 3,190 3,200 3,200 3,210 3,220 3,230 3,240

4.2 3,240 3,250 3,260 3,270 3,280 3,280 3,290 3,300 3,310 3,320
4.3 3,320 3,330 3,340 3,350 3,360 3,370 3,370 3,380 3,390 3,400
4.4 3,410 3,410 3,420 3,430 3,440 3,450 3,460 3,460 3,470 3,480
4.5 3,490 3,500 3,500 3,510 3,520 3,530 3,540 3,550 3,550 3,560
4.6 3,570 3,580 3,590 3,600 3,600 3,610 3,620 3,630 3,640 3,650

4.7 3,650 3,660 3,670 3,680 3,690 3,700 3,700 3,710 3,720 3,730
4.8 3,740 3,750 3,760 3,760 3,770 3,780 3,790 3,800 3,810 3,810
4.9 3,820 3,830 3,840 3,850 3,860 3,870 3,870 3,880 3,890 3,900
5.0 3,910 3,920 3,930 3,930 3,940 3,950 3,960 3,970 3,980 3,990
5.1 3,990 4,000 4,010 4,020 4,030 4,040 4,050 4,050 4,060 4,070
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Table 4.--Discharge rating table for free weir flow under five sluice gates--Continued

Headwater Headwater pool stage, in hundredths of feet
pool stage,
in feet!l .00 .01 .02 .03 .04 .05 .06 .07 .08 .09
Discharge, in cubic feet per second
5.2 4,080 4,090 4,100 4,110 4,120 4,120 4,130 4,140 4,150 4,160
5.3 4,170 4,180 4,190 4,190 4,200 4,210 4,220 4,230 4,240 4,250
5.4 4,260 4,260 4,270 4,280 4,290 4,300 4,310 4,320 4,330 4,340
5.5 4,340 4,350 4,360 4,370 4,380 4,390 4,400 4,410 4,420 4,420
5.6 4,430 4,440 4,450 4,460 4,470 4,480 4,490 4,500 4,500 4,510
5.7 4,520 4,530 4,540 4,550 4,560 4,570 4,580 4,590 4,590 4,600
5.8 4,610 4,620 4,630 4,640 4,650 4,660 4,670 4,680 4,690 4,690
5.9 4,700 4,710 4,720 4,730 4,740 4,750 4,760 4,770 4,780 4,790
6.0 4,790 4,800 4,810 4,820 4,830 4,840 4,850 4,860 4,870 4,880
6.1 4,890 4,900 4,910 4,910 4,920 4,930 4,940 4,950 4,960 4,970
6.2 4,980 4,990 5,000 5,010 5,020 5,030 5,030 5,040 5,050 5,060
6.3 5,070 5,080 5,090 5,100 5,110 5,120 5,130 -—- -——- -
lReferenced to Survey gage datum of 733.00 ft above sea level.
1.0 U T T T T T T T T T T T
-~
e
[
z
w
O
s -
w
(o]
o
— —
w
Q
W
o -0.
S C= 0.57hg 0084
1 — .
w
@ 4
w ® Dlscharge measurement and number (table 2)
0.1 1 L I I (N 11 ! 1 11
ot 1.0 10.0
GATE OPENING (hg ). IN FEET
rigurc 8.--Relation between discharge coefficient for free orifice flow

and sluice-gate opening.
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Discharge for free orifice flow under the five sluice gates is computed
by combining equation 1 in table 1 with equation 8. The resulting equation of

discharge is
0 =314 (00916 (ny)0-5 (9)

where h, is sluice-gate opening and h; is headwater depth above the sluice-
gate sill. The relation between upstream-pool stage, gate opening, and
discharge is presented in table 5.

Measurements 21 and 22 were made during submerged orifice flow. The sub-
mergence ratio (h3/hg) for measurement 21 was 1.50 with a coefficient of 0.59.
Measurement 22 had a submergence ratio of 1.33 and a coefficient of 0.67. The
relation between the discharge coefficient for submerged orifice flow and sub-
mergence ratio is illustrated in figure 9. The resulting equation relating
the discharge coefficient for submerged orifice flow to the submergence ratio

_ -1.00
Cg = 0.89 (h3/hg) . (10)
1.0 - T T T 5l T T
- 21 . h
® Discharge measurement
and number (table 2) b

hg Gate opening

21 h;  Tallwater depth

-1.00
Cs=0.89 (hy/hg)

SUBMERGED-ORIFICE
DISCHARGE COEFFICIENT (Cg)

0.1 L
1.0 10.0

ORIFICE SUBMERGENCE RATIO (h3/hg)

Figure 9.--Relation between discharge coefficient
for submerged orifice flow and sub-
mergence ratio for sluice gates.
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Discharge for submerged orifice flow under five sluice gates set to the
same opening is computed by combining equation 2 in table 1 with equation 10.

The resulting equation of discharge is
0.5
= (Ah) (11)
Q = 491 hg

where h_ is the gate opening and Ah equals the difference between the head-
water depth and tailwater depth.

Submerged orifice coefficients and the submergence ratio (h3/hg) general-
ly plot on logarithmic paper as a straight line when submergence ratios are
greater than 2.0 (Collins, 1977). For ratios less than 2.0, coefficients may
be greater than those extrapolated from the straight line relation. The dis-
charge coefficients for submergence ratios greater than 2.0 may be greater
than those illustrated in figure 9 because the submergence ratios for discharge
measurements 21 and 22 were less than 2.0. Additional discharge measurements
are needed to determine if the discharge coefficients for submerged orifice
flow are applicable when submergence ratios (h3/hg) are greater than 2.0.

Evaluation of ratings

The discharge of the Fox River over the spillway and fish ladder and
through the sluice gates at McHenry Dam can be calculated from records of
headwater- and tailwater-pool stages and gate openings using equations of dis-
charge for free weir, free orifice, and submerged orifice flow regimes which
are summarized in table 6. Hydraulic conditions used to identify flow regimes
are also summarized in table 6. Discharge for free weir and free orifice flow
can also be obtained from tables 3, 4, and 5.

Table 6.~~Summary of hydraulic conditions and discharge equations for different
flow regimes at McHenry Dam control structures

[0, Discharge, in cubic feet per second; hy, headwater depths are computed by applying
an adjustment factor (~-3.68 ft for spillway and 1.85 ft for sluice gates) to the
headwater-pool stage; h3, tailwater depths are computed by applying an
adjustment factor (-6.53 ft for spillway and -1.00 ft for sluice dqates)
to the tailwater-pool stage; hg, sluice-gate opening; Ah equals hq~hj]

Structure Flow regime Hydraulic conditions Equation of discharge Egﬁgign
Spillway Free weir ha/hy <0.6 Q = 847 (h1)1‘59 (6)
Sluice Free weir h,>0.73 h, and hy/h, <0.75 Q= 218 (h,)7-5

gates = 1 AR ! )
Sluice F 1£1 h.<0.73 h, and h,<1.3 h = 3.14 (h)0-9216 0.5

qates ree orifice g<0- 1 3<1.3 hy Q . g’ (hy) (9)
Sluice Submerged 0.5

gates orifice hg<0.73 h1 and h33'1-3 hg Q 491 hg (ah) (11)
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Submerged weir flow did not occur during the study; therefore, discharge
coefficients were not determined. Based on observations of flow during the
near-record flood of September-October 1986, it is probable that the occurrence
of submerged weir flow is rare. On occasions when it could have occurred, the
operating procedure of the dam prevented it.

Figure 10 compares daily discharge for the Fox River at McHenry Dam to
discharge at the gaging station on the Fox River at Algonquin for selected days
in the 1986 and 1987 water years. Daily discharge at McHenry Dam was computed
from hourly records of headwater-pool stage, twice-daily readings of the
tailwater-pool stage and gate opening, and equations 6, 7, 9, and 11. The
gaging station at Algonquin is 16 miles downstream from McHenry Dam and has a
drainage area of 1,403 miz, 12 percent larger than at McHenry Dam. The solid
line in figure 10 represents a 1:1 ratio of discharges at McHenry Dam and
Algonquin. Daily discharge at Algonquin is 10 to 12 percent larger than
McHenry Dam, except during periods of rapidly increasing discharge at McHenry
Dam. During these periods, the daily discharge at Algonquin is only 1 to 2
percent larger than at McHenry Dam, but, after the initial rise, the relation
returns to the 10 to 12 percent range.

Computation of discharge

The following are examples of how discharge may be calculated using equa-
tions in table 6 and discharge from the rating tables for free orifice and
free weir flow.

Example 1: The following conditions exist:

Headwater-pool stage is 5.20 ft, tailwater pool stage is 3.0 ft,
and all gates are out of the water.

Flow through the sluice gates is determined by first converting the stages
to depths above the sluice-gate sill. This is done by adding the difference
between headwater gage datum and the elevation of the sill (1.85) to the head-
water stage and then subtracting the difference between the tailwater gage
datum and the elevation of the sill (1.00) from the tailwater stage.

5.20 + 1.85 7.05 ft

hq

3.00 - 1.00 2.00 ft

hj

Because the gates are out of the water and hy/hg (0.28) is less than 0.75
(table 6), free weir flow exists.

Using equation 7 from table 6, discharge is

Q = 218 (hq)1+3

218 (7.05)1+5
4,080 £t3/s.
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DISCHARGE, IN CUBIC FEET PER SECOND, AT McHENRY DAM
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Figure 10.--Daily discharges for Fox River at McHenry Dam and Fox River at
Algonquin for selected days during the data-collection period.

DISCHARGE, IN CUBIC FEET PER SECOND, AT ALGONQUIN
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Flow over the spillway and through the fish ladder is determined by first con-
verting the headwater stage to depth above the spillway crest. This is done
by subtracting the difference between headwater gage datum and the elevation
of the spillway crest (3.68) from the headwater stage reading,

h1 = 5,20 - 3.68 = 1.52 ft,

and using equation 6 from table 6. 'The discharge is

847 (hq)1+3°
847 (1.52)1-59

1,650 ft3/s.

Q

Total discharge = 4,080 + 1,650 = 5,730 ft3/s.

Alternately, the discharge may be computed from tables 3 and 4 for a
headwater-pool stage of 5.20 ft.

1,650
4,080

Free weir flow over the spillway

Free weir flow under the sluice gates

Total discharge = 5,730 ft3/s.

Example 2: The following conditions exist:

Headwater-pool stage is 3.68 ft, tailwater-pool stage is 3.70 ft,
and five gates are set to 3.0 ft each.

First, pool stages must be converted to depths above the sluice-gate sill.

3.68 + 1.85 5.55 ft

hq
hy = 3.70 - 1.00 = 2.70 ft

Because hg/h1 (0.54) is less than 0.73 and h3/hg (0.90) is less 1.30 (table 6),
free orifice flow exists.

Using equation 9 in table 6, the discharge is

Q = 314 (3.0)0-216 (5 55)0.5
0 = 2,020 ft3/s.

Alternately, the discharge may be computed from table 6 for an upstream-
pool stage of 3.68 ft.

Free orifice flow under five sluice gates = 2,020 ft3/s.
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Example 3: The following conditions exist:

Headwater-pool stage is 5.90 ft, tailwater-pool stage is 6.98 ft,
and five gates are set to 4.0 ft each.

First, the pool stages must be converted to depths above the sluice-gate
sill.

7.75 ft
5.98 ft

5.90 + 1.85

hy
hy = 6.98 - 1.00
Ah = 1.77 ft

Because hg/h1 (0.52) is less than 0.73 and h3/hg (1.50) is greater than 1.30
(table 6), submerged orifice flow exists.

Using equation 11 from table 6, the discharge is

491 g (Ah)0+3
(491)(4.00)(1.77)0:5
2,610 ft3/s.

Q

Flow over the spillway and fish ladder is determined by converting the
headwater-pool elevation to depth above the spillway crest,

hq = 5.90 - 3.68 = 2.22 ft,

and using equation 6 from table 6, the discharge is

Q = 847 (hy)1+3°
Q = 847 (2.22)1-59
Q = 3,010 £t3/s.

Total discharge = 2,610 + 3,010 = 5,620 ft3/s.

SUMMARY AND CONCLUSIONS

Twenty~three discharge measurements were used to develop discharge
ratings for the control structures at McHenry Dam on the Fox River. Discharge
ratings were developed for free weir flow over the spillway and fish ladder:;
and free weir, free orifice, and submerged orifice flow under the sluice
gates. Hydraulic conditions that identify flow regimes at McHenry Dam were
defined by ratios between headwater depth (h1), tailwater depth (h3), and gate
opening (hg). Flow under the sluice gates was identified as weir flow when
the ratio of gate opening (hg) to headwater depth (hq) is greater than 0.73
and as orifice flow when h,/hq is less than 0.73. Free orifice flow occurs
when the ratio of tailwater depth (h3) to gate opening (hg) is less than 1.3,
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and submerged orifice flow occurs when hg/h3 is greater than 1.3. Flow under
the sluice gates was identified as free weir flow when the ratio of tailwater
depth (h3) to headwater depth (hg) is less than 0.75 and as submerged weir
flow when h3/h1 is greater than 0.75. Flow over the spillway was identified
as free weir flow when the ratio of tailwater depth (h3) to headwater depth
(hq) is less than 0.60 and as submerged weir flow when h3/h4 is greater than
0.60.

Discharge coefficients used in equations to compute discharge were deter-
mined for free weir, free orifice, and submerged orifice flow. Equations that
relate discharge coefficients to headwater depth, tailwater depth, gate open-
ing, or a combination of these, were developed. These equations were combined
with equations of flow to form discharge equations for the control structures
at McHenry Dam.

Additional discharge measurements are needed to determine discharge coef-
ficients for submerged weir flow. Additional discharge measurements are also
needed to determine if the discharge coefficients for submerged orifice flow
are applicable when submergence ratios (h3/hg) are greater than 2.0.

Hydraulic conditions for submerged weir and submerged orifice flow occur only
at very high streamflows and did not occur during the data-collection period
of this project.

All of the measured flow regimes were used in a comparison of daily
discharge with the Fox River at Algonquin. Computed daily discharges for Fox
River at McHenry Dam are reasonable and consistent when compared with the com-
puted daily discharge for Fox River at Algonquin.
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