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AﬁREs SUSITNA HYDROELECTRIC PROJECT

OFFICE MEMORANDUM
TO:  J.W. Hayden Date:  Qctober 14, 1982
FROM: D. Crawford File:  P5700.07.07.03

SUBJECT: Watana Reservoir Filling

R s T DA P i ey,

As per your request, I have revised Watana filling analysis to inc]hde the

following:

Inflow based on statistical analysis of three year moving annual
mean flow

Case C downstream flow requirement
Construction schedule as per Feasibility Report
Flood protection as per feasibility Report

Analysis of annual mean discharge at Gold Cieek and Watana has been per-
formed to determine the three year moving mear flow. From this three year
series, an estimate of the 10 50 and 90 percent probability level flows is
made. These percents represent the percent of time the given flow will be
exceeded. Figure 1 shows a plot of the three year flow against probability
for Watana and Devil Canyon discharges.

The monthly distribution of the 10, 50 or 90 percentile flows is assumed

to be equal to that of the long term average distribution of the flow at
Gold Creek. The monthly flows for the three flows at Watana and Gold

Creek are given in Table 1. Also, in Table 1 is the long term average flow
at Gold Creek and the monthiy {Case C) flow requirement at Gold Creek.

The construction schedule for the mein dam at Watana is summarized in
Table 2.

Flood protection during filling is assumed to ensure for at least protec-
tion from the 1:250 year flood volume, except during early construction
stages with cofferdam control. During early construction stages, the
protection is 1:50 years. In all estimates o7 flood volume requirements
account has been made of outlet capacity and the changes to this capacity
due to construction of expansion chamber, etc.

The reservoir filling for the 50 percent inflow case {median flow) is
shown in Figure 2. Discharge requirements at Gold Creek are exceeded in
all years except for 1992 where the requirement is matched.



J.W. Hayden - 2 , October 14, 1982

Reservoir filling requires three spring runoff periods to achieve full poo]l
elevation; however, unit commissioning could start in the fall of 1992.
Normal power oparations (as per energy simuiations) could commence in May
1993,

The filling under the higher inflow of the 10 percent ‘level is marginally
faster than for the 50 percent inflow case due to spillage for flood pro-
tection. Unit commissioning could commence in September 1992 for this case
with normal operation in April 1993,

Under the low inflow case (90 percent level) the reservoir fails to reach
normal aperating level and requires a further spring runoff to reach normal
pool. However, levels are such to allow unit commissioning to commence in
June 1993. Figure 3 shows the fi1ling sequence.

Details of the filling sequences for the three inflow cases are given in
Tables 3, 4 and 5.

In summary,

* Unit commissioning can begin about October 1992 for at least the
median (50 percent) inflow.

- Normal operation could commence in May 1993 for inflow greater than
the median inflow.

- Flows with less than a 90 percent chance of accurring (dry) would
result in a delay of ten months in commissioning to June 1993.

- It requires about three years to fill the reservoir to levels at
which normal power operation can commence.

Continuing studies:

- Determine critical percent inflow at which commissioning is delayed
past January 1993.

DC/kt I GUJEALDL

David Crawford

Encl: as

cc: C. Debelius




Table 1.

Discharge at Gold Creek

and Watana

Watana Flows (cfs)

Month Gold Creek Flows (cfs)
Mean Target Flow Inflow Inflow
i0 50 90 10 50 90

Oct 5757 2000 6453 5733 5073 5272 4713 4213
Nov 2568 1000 2878 2557 2263 2352 2102 1579
Dec 1793 1000 2010 1785 1580 1642 1468 1312
Jan 1463 1000 1640 1457 1289 1340 1198 1071
Feb 1243 1000 1393 1238 1095 1138 1018 910
Mar 1123 1000 1259 1118 990 1028 919 822
Apr 1377 1000 1543 1371 1213 1261 1127 1008
May 13277 6000 $=78 14882 ‘13221 11699 12158 10870 9715
Jun 27658 6000 31002 27541 24371 25326 22644 20238
Jul 24383 6480 Y8« 27331 24280 21486 22327 19963 17342
Aug 21996 12000 24655 21903 19382 20142 18008 16095
Sep 13175 9300 Greo 14768 13119 11609 12064 10787 9641

Annual 9703 - 10876 9662 8550 8885 7944 7100




Table 2. MWatana Dam Construction Schedule

Year Quantity Accumulated Fill
Quantity Elevation
MCY MCY FT
1987 3 - -
1988 6 9 -
1989 12 21 1660
1990 13 24 1810
1961 13 47 1950
1992 12 59 2130
1993 3 62 2210
Ly s Pl T

Pl
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C WETANA RES. FILLIBGE 10%Z I#FLOW: CASE C
¢ YEAR MTH INFLOW REG/D L/S TOTAl FLOL ¢
FLOW NUTFLOW  0/S LACATTON
c 1 1 B2415,4 £1504,0 82415.4 1640.0
1 2 43218.2 S5552.,0 63218.2 139%,0
1 3 63226.1 $1504.0 63224.1 1258.,0
c 1 4 75054.7 59520,0 75054.,7 1544.0
. 1 3 747765.4 201487.1  747745.4 14882.0
st RS B 1 6. -+ 15074035 - §9520,0 < 4502403 ,5 31001.,0
c . 1 7 1373199.8 61504.,0  1373199.8 27330.0
B - 1 8  1238813.5 4460480.4  1238813.5 24655,0
PR S 12290 -.718049.3 13926534 — 718049.3 14767.0
¢ i 1 10 - 324249.1 61504.,0 - 324249,1 _ 6453,0
Tk 111 139991.0 59520.0 139991.0 2879.0
Vi = e 1.~ 12 < 10098%.46 - 61504.0" - -10098%9,4 -~ - -~=2010,0
c 2 1 82415,4 61504.,0 82415.4 1640,0
- 2 2 L 43218,2 55532.,0 £3218,2 1393.,0
[ = 2 -3 . 4T.2641 - - 515040, 633261 -1258.0
c 2 4 75054.7 5952040 75054.7 1544,0
: 2 5 7477656 20148741 747765.6 14882.0
L2 - 4. 1507403.5 - . °59520,0. -1507403.5% - 31001.0
€ 2 7 1373199.8 51504.,0  1373199.8 27330.0
- 2 8  1238813.5 460480,4  1238R1F.5 24655,0
K - 2.9 718049.% -  392653.4.- 718049.3 - -14767.0
c 2> 10 324249.1 A1504,0 324249,1 45453, 0
. 2 11 139951.0 59520.0 139991,0 2879.0
- . So20e 12 10098%,6- - 61504,0 100989,6 ~2010.0
C 3 1 82415,4 61504,0 872415.4 1640.0
3 2 63218.2 $5552,0 .- 63212.2 1392.0
B S § 4322641 - A1504.,05 632241 1238.0
_ w3 L4 75053.7 _ 59520.0 7505447 wu— 1544.,0
o B Sno 747765.6..-~201487.1 . '747765.6 14882.0 :
T L SFI A L A 1507403 55 - 5PV OSETNL50 7403 &5 =3 1001500 - - -
3 7  $373199.8. °E1504,0 1373199.8 273530.0
3 8 238513.5 450480.4  1238813.5- 24455, 0
3.. 9  -7180492,3 392453 .4 718049,2 14747.0
¢ 3 10 324249,1 $1504,0 I24249.1 8453.0
3 i1 139991.,0 S59520.0 1399%1.,0 287%.0
3. 12 1009896 41504,0 1008R9,6 2010.0
C 4 1 82415.4 51504,0 82415.,4 1440.,0
4 2 63218.2 55552.0 63218.2 1392.0
1l e e B e 6322601~ &1504.0- 63226 0t-i - 125840
c 1 4 4 7505447 T952000- 1 7G054.7 1544,0
-l 4 5 747765. 6 201487,1. 534485.4 11414.3
shaies il LieAl L ogn 21507403 (5o e-595 205052 1150728, 5 — 125680, 4
¢ 4 - 7 1373199,8 *°  61504,0- 326519.® 10311.9
R 4 8  1238813.5 440480.4 - $22133.8 19505, 1
’ ‘ 4 : 718049,3-~ 39245344 - 401369.3- 9444.4
¢ 4 10 324249.1 61504.0 3242491 6433.0
e 4 11 139991,0 59520,0  139991.0 24879.0
TS . 4. 12 10098946 -~ 61504,0-.0 10098%9.6 - 2019.0
C
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OFFICE MEMORANDUM
T0: I. Hutchison/D. Crawford

FROM: A. Simon File: P5700.07.06

SUBJECT: Susitna Hydroelectric Project
Aspects of Filling Watana Reservoir

Date: December 29, 1980

Attached are the notes concerning the probability of fi1ling Watana
Reservoir taking into account a dam construction schedule of six years.

¥ 1
[

>
v‘ /!L\'
"q/i‘ £ :"‘t_\\".‘t?\"k
A. Simon

AS:cev

Attachments

i P - o
1 by i il g: ;



Matzna: Rsservoi  i1ling

Watana reser/oir fi1ling probabilities were calculated based upon the dam
constructior, schedule and making the following assumptions:

1. The downstream discharge is 2000 cfs.

2. There ‘s npo reserve for fiood controi.

3. The filling procedure starts at the end of the fourth year where the
probability of overtopping the dam is only 2%.

Results:

The probability of filling the reservoir at the end of the 5th year is zero.

The probability of filling the reservoir at the end of the 6th year is 6114,
but the prubability of having 8000 af or more is 90%.

At the end of the 7th year the probability of having the reservoir full is
96%.

The normal operation of the reservoir can start at the end of the 6th year
decreasing thp probability of having the reservoir full at the end of the
7th year from 96% to about 80%.
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A WREREGAL L e v AR O

FROM:
SUBJECT:

OFFICE MEMORANDUM

R. Ibbat<nn |
Ibbotson Date: October 8, 1981

File: P5700.06
D. Crawford cc:

Susitna Hydroelectric Project
Watana - Emergency Drawdown

As per your request, we have completed reservoir emergency drawdown
analysis to determine elevation versus time relationships.

Discharge capacity was assumed to be that given by Figure 1 for the
various facilities. Powerhouse capacity was omitted to give conser-
vative estimates.

Plots of reservoir elevation versus time are given in Figure 2 for a
wet year (wettest in period 1950-1975, year 1962) and for an average
monthly flow year. Also differing starting times of drawdown were
considered.

It appears that Watana Reservoir can be drawn down to acceptable levels

in approximately 14 months with the given discharge facilities.

David Crawford
DC:md '
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Tolerances of Fishes to Dissolved Gas
Supersaturation in Dcep -
“ Tank Bioassays - |

P B ’
i D. L. Fickei1sex asp J. C. Mox rcmu-:m* HEREE
L Bateelle, Parifie Yorthirst Laboerataries: *' e ‘f
. S Rultland, Wu.s/uag.tun w352 - i
. g H o LR 'i‘ « L
AKSTR:\CT’

Four spee e of fisk were tested for toleranee o dissolved atmospheric gas supersaturation in [0-
day beassivse, Baeed oo medign times to death at four lesels of gas saturatior, the heh displased
the following inereasing order of wlerance: mountain whitefish (Prosopiam williamsoni) < cutthroat
trout Walmo darker < largeseale sucker (Catostomus machrocheilusy < torrent sculpin (Cottns
rhotheus). Inereasing hydrostatie pressure due to water depth reduced the lesels of saturation of
dissolved gases and increased survival, Toreent sculpins typically developed larw bubbles of gas
which caused them to Aoat and would contribute indirectly to death, : § .

The ' e River is a clear raountain
streae -7 ary to the Columbia River, It
supports an important spoet fishery for
mountain whitefish Prosopiam williamsoni
(Girard) and cutthroat trout (Salme elarki
{Richardson) which are routinely planted by
the Montana Department of Fish and Game.
Impoundment of the river by Libby Dam
located approaimateiy 28 knouip<tream from
Libby. Montana. has resubted an atmospher-
fe gas supersaturation of the river water,
Changes in abundance of important species
hase been noted tsee Discussion) and gas
bubble disease was hypothesized to be a
primary citise of fislt mortalities,

This paper reports the results of experi-
auents to determine gas supersaturation tol-
crances of faur Ash species, The g were se-
flected based on abundanee in the Knotenai
River between Libly Dam and Kootenai
Fall~. economie or reercational value, be-
hasior and habitat considerations, and im-
portance in the fowd web. In addition to

monentain whitefish and cutthroat trout, test

sapecies weluded Catostonins machrocheilus
Gitard (lrgescale suckent which comprise
the majority of fish biomass in the river. and
Cottns rhothiens tSméith) gorrent seulpin,

Published toleranee data for these spe-
civs are limited 1o studies of cutthroat trout

and whitelish, and demonstrate hydrostatie

pressure conpensation (or exeess gas ¢on-
tent. Blulun et al. (19701 teported whitehsh
1er he more talerant than eatthroat with me-

3 B L I Y R I T Ly

- 19350

t" e tines tu death of 20L0 and HS).:: b foro

B ]
spectively. The compurable times for white-.
fish were 23.0 and 50.5 h. respectively. Buth
species were less tolerant than rainbow
trout 1Salme gairdnerit or chinook salmon
{Oneorlivachus tshawyvtsela) but more tole
crant than steelhead trout. They also re-
ported timl permining cutthruat trout to
sound in a 2.5-m deep tank inereased long-
ternesursival relative to that 1+ a L0 deep -
tank,
METHODS

Tests were, condueted in a single, Hy-
plon®Jined! deep tank, 2 m square and
slightly over 3.2 m deep. The level of satu-
ration 1o which a group of fish was v\puwd
was controlled by suspending caged fish at
predetermined depths along the saturation
gradient in the deep tank. Henrey's Law
states tat the solubility ol a gas in water is :
linearly related toits gas-phase partial pres-; 24
sure, A water column of uniform gas, con- ;
centration will therefore hecome less satu- :
rated as hvdrostatic presaie inereases due 0 o
to depth. The degree of absoluge satoration .
St7e) at g given depthe 20 may be approni-
mated by the formuia S; = Sy + /100 7
where Sy is the surfaee 76 saturation and 705
is measured in meters, This principle of dist o,
~solved gas ohysies is the basis for the con-’
cept of hydres tatic pressure compeasatiop -
and the “eritical zone™ of cupe r~.mu.|lmu'
ADawley et ad, 19:6 b\ wtk.nup l‘)m. Hau

;.r.'x

2~

R u!‘lrr.md n.mw dm- r ‘tmml\ ll.nm Ilmqufn
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Exposure cages were cunstructed of Vex-
ar* mesh on stainless steel rod frames. A
muslin sleeve permitted  removal of dead
nsh underwater. Cagrs were suspended

from adjustabld shelf br.chc!a on the side
.ol the deep tank. The supports were located

s that each cage was centered at the depth

*for its nominal gas level (Table 1). Cages

X 15 em % 12

“were ahout 1 m square and 20 em hwh.

Cage height resulted in some range almul
the nominal gas level, At the most severe
case {the upper cage). this range was less
than 3¢ of saturation. Smaller cages (15 ¢m
em) were placed inside the
larger cages or direetly suspended from the
brackets for testing torrent sculpins.
Filtered Columbia River water was sup-

plied at nearly 75 litersmin, Temperature

was eontrolled at 10 £ 0.5 C. Supersatura-
tion war generated in a pressure vessel that
received pumped water and compressed air.
Thie extent of saturation was controlled by

_ backpressure. pressure and flow air. and

height of the air-water interface in the pres-

ssure vessel. all of which were adjustable,

Alter supersaturation. the water entered the
bottom of the-deep tank through a Y-dittus-
er. which resulted in unilorm mixing and
rapid diffusion of incoming water.

Gas levels were mmmuwd at least daily
by u Weiss saturometer (dissolved gas ten-
stometer) (Fickeizen et al, 1975), Saturation
was caleulated from the formula § =
10007 o + Pt = PradiP yume where § =
pereentage dissolved gas saturatic 1. Py
= hurometeie prossure. Py = dizsolved gas~
tension  (saturomeler). and Py = vapor
pressure of water,

Little or no sariation in gas tension oc-
curred between the top and bottem of the
devep tunk. which was 132 = 3% o equilib-
s satoration at the surfuee. Tempera-
ture, recorded at teust daily. showed less
than 6.5 C dilference between top and but-
toni. '

Ten cutthroat trout, mountain whitefish.
or torrent seulpins. or ive largescale suck-
ers were loaded in each cage at the surtave.
The eages were lowered to the desired

depth. Twa aeplicate tests were run for

mountain whitefish and cutthroat trout, and

Ium' m'ro run for tnrwnt £ uhun~ and

DN
s

* gy

Wor o,

YAttt s,

F

Tantk | -;-7 est gus devels i the deep hm& (surjm e;wa
level “'IJ"‘ v summuanl. e

Cdulnw P RN

L F £ eabidration . Tank depthi m s
iz 3 0.31
S V2§ ' 0.65
o120 , 1.00
. 16 L3
) w3

tested at cach saturation lovel except scul-’
pins which had 40 fish at cach level. The
exposure period was 10 days. Control fish:
were held at the bottem of the deep tan
where gas saturation was 10077,

Test animals were monitored aml dead
fish removed daily, To aveid raising the |
cages. which could cause decompression
and embolization. fish were chiceke
sux!m diver. Eahaled breathing air caused

stight degasification of the water. but since

dmmr time was usually less than 20 min test ..

results were not considered to be signifi-
cantly altered. The diver removed all dead
fish and reported the number of live fish and
those displuaying loss of equililuinm or other
manifestations of gas bubble disease.

All dead fish were examined for signs of
gus bubble disease. Those displaying no ex-
ternally visible signg were necropsied to de-
tetmine cause of death, Fish were as -umed
to have died from gas bubble dl\(‘dkc d lhey
had external signs ot it. ‘ L

C
Test Orgunisms
Mountain whitefish and laggescale sucker

" woere collected by electroshocking in the

lower Yakima River. Washinglon. and held
in conerete ponels or fiberalass tanks contin-
uonsly Hushed with aerated Columbia River
water, Torrent seulpins were collected by
seining from the Fisher River, Muntana,
Theybvere held at the Montana Department
ol Fish and Game (MEEGY Libiby Hatehery

in sprime water prior to transportation tw onr.

laboratory., Westslope cutthioat trout weré -

g nbmim-d froan the MDIG hatebery at Lew--

istown. This stock of trout is wputvd tobe -
cone of the few temainmg pute six nins u!F\
“westslope cutthiroat, : SRR

Fish stoeks were maintained at our Lllm-
vy Fe Hewt e gerated Colombias iuvvr

Lo oo
Oy @ ¢
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Frorng L~Martality rates of mountain whitefish vx-
pused to dissolved gas supersaturation. Numbers be-
stde eurves are percentage total gas saturation.

water until tested. Initially water tempera-
ture vas adjusted 1o mateh that of pative
streams at the time of collection. Figh were
graally acclimated up to 10 C and were
held at the test temperature e at least 10
day~. Cutthroat trout. whitefi: h. and suck-
ers were ted hatekery trout pollets, In ad-
ditin, suckers foraged for algar y~owth in
therr lurge tank. Sculpins were fed ubifex
warms. sucker eggs. and salmonid {ry.
Some of the mountain whitefish devel-
npml signs of piscine tuberculosis. a diag-
nosis um[‘rmcd by the Western Fish Dl\-
case Laboratory (U.S. Fish and Wildlife
Serviee) in Seattle, A few fish died from this
,diseuse prior to beginning of testing. but
mortalities were less than 1072, The disease
can e readily distinguished from gas bub-
hle disease by a trained observer. Piscine
tubereulosis develups over a period of up to
2 or more years. Nc(‘ropeies ensured that
tuberculosis was not a prime fdctur in the
mortality of test fish.

RESULYS

All fish that died or displayed loss of equi-

Blginm during test exposures showed sizns
' . .

FIGURe 2o—MWartality rutes of cutthroat trunt eaposed
te dissolved gas superswauration, Vumbers beside
curves afe pereentage total gas saturation.,

VoL e
necropsies except as noted below, Torrent
sculpm appeared 1o die of exhaustion as a

result of struggling against positive buoy-

ancy due o mtrcnwly ldrg.v ras bubbles be-
low their pectoral fing, Only two control figh
died during the tests, Both were mountain
whitefish with advanced piscine tuberculo-
sis, including lesions in kidney und liver tis-
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Fevre L—Wortality rates of torreat sculpin exposed
to dissolved gas supersaturation, Numbers beside
curves are percentage total gus saturation.,

sue. None of the countrol fish had any signs
of gas buhble disease. None of the other test
fislt had visible signs of tuberculosis. No sta-
tistical correlation was found between daily
mortality rates and random variations abeat
the mean dissolved gas saturation, The ran-
dom vuriations were less than those that oe-
cur in the Kootenai River below Libby Duni,

Mountuin Whitefish .

Tolerances of mountein whitefish were
lower than those of the other species tested.
All whitelish tested at 128¢ total gas satu-
ration died in less than 24 h. At- 124 sat-
urationt they were all dead after 48 h. Even
at 116" saturation all were dead after 96 h
{Fig. 11 Median times to death (LTS0) were
12 hrat 128%%. 14 hoat 124%%. 50 h at 120%,
and 48 h at 116% total gas saturation.

Cutthroat Trout

Cutthroat trout were only slightly more
tolerant than were whitefish (Fig. 2). All cut-
throat were dead after 21 hoat 128¢% gas sat-
uration. by 48 h at 128, and by 72 h at
120€F saturation. One fish of the 20 tested

~snrvived the il 10 days at 11647 satuzation,
. . - gy

s

«pins (Fig. 5). Median time to Joss of equilib

wo

EXPOSURE TIME (DAYS!

FIGURE S.—Rates of equilibirivm loss for torrent seulpin
exposed to disslved gas spporsaturation. Nunbers
beside curres are jreentage tutul gus saturation.

Largescale Sucker

Largescale suckers were more tolerant
than salmonids: 90% survived the 10-day
test at 116CF saturation. At 128% saturation
all suckers died in 72 h (Fig. 3). L150's were
34 h., 67 h. and 103 h at 128%, 124%, and
120¢¢ saturation. respectively. ‘

- Torrent Sculpin

Torrent sculpin was the most tolerant
species tested. Cause ol death appears? (o
be exhaustion caused by struggles against
positive buoyancy. Buoyaney resulted from
gas bubbles as large as Y of body size that | §
formed under or near the pectoral fins,
causing loss of equilibrium and Hoating.. |
Mdrtality curves were not as steep as those g
for{the other species tested (Fig, 4) and only -
at {128 saturation was the LT30 redched
{at! 10 days). None of the sculpins died at
116 saturation and signs of gas bubble dis- -
ease were rare at that gas level, Unlike other
species. there was a significiant time lag be--
tween loss of equilibrium and death for senl .

.f;»‘:n\ £ o ,;;-n\u'”!.; % ax ]'?? h. "Rs‘ h;a“‘! 2:{‘{1
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. DISCUSSION

Cutthroat trout had a median time to
death on exposure to 120 gas supersatur-
ation of 3} h, while Blahm et al. (1976) re-
ported a value of 119.5 h for cutthroat tested
in a shallow tank. Qur results with whitefish
agree very closely with those of Blahm et al.
{1976) with median times to death of 50 h
and 50.5 h, respectively. The cutthroat trout
tested were deemed in excellent condition
and. with the exception of the few cases of
tuberculosis among whitefish, the remaining
fish stocks were healthy. As far as can be
determined, test fish had not been previ-
ously exposed to significant levels of dis-
solved gas supersaturation. They were all
temperature-icclimated and thus not ther-
mally stressed during testing. Careful han-
dling prevented decompression during test-
ing. which otherwise might cause more
rapid embolization,

Torrent sculping lost buoyaney control
after several days exposure and floated
which would make them easy prey in na-
ture. It is unlikely that a sculpin would re-
cover [rom positive buovaney as bubble size
would grow due 1o reduet’en in hydrostatie
pressure as it floated to 'he surface. Scul-
ping may be exposed to nicher gas satura-
tion levels than other species by inhabiti
shallower areas. Their tendency to become
busyant ensures a high mortality rate and
makes them readily detectable in gas-su-
persaturated strewns,

Application of our bivassay results to pre-
dict effects of air supersaturation on river
organisms requires detailed depth distribu-
‘tion data from which hydrostatie compen-
sation may be caleulated. Qtherwise the as-
sumption must he made that all organisms
are affected at or near river-surface pres-
sures and have no effective hydrostatic
compensation. This assumpidon produces
an estimate of maximum effect. Actual ad-
verse effects will be somewhat fess, but can-
not be estimated on the basis of existing

data. The Kootenai River in the area of in- .«
tvrcwt ix relatively shallow precluding eoms

+ . e ity Mo e BYe shOT -
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partment of Fish and Game staff has con-
ducted extensive electroshocking studies
between Libby Dam and Kootenai Falls.
They found changes in relative abundance. -
immediately below the dam from approxi- -~
mately 50 mountain whitefish. 50 suck-
ers. and 17¢ trout {mainly cutthroat and
rainbow) prior to operation of the dam to
about 10C¢ whitefish. 90 suckers and less
than 1% trout after the dam was closed and
gas saturation levels exceeded 130%%. Signs
of gas bubble disease were found on db()lll
80°% of the whitefish and suckers. The num-
ber of fish with gas bubble disease de-
creased with distance downstream where
supersaturation levels were reduced (Bruce
May. persunal communication). These field
data are consistent with nur relative toler- .
ance data from which we would predict
greater mortalities to whitefish and trout
than to suckers. Apparently the shallow
depth of the river or aspeets of fish behavior
have prevedted significant compensation
from the gas supersaturation gencrated by
Libby Dam, The evidence indicates that dis- .
solved gas supersaturation has been a primg
factor in changes in Kootenai River fish pupi-,, -
vlations below Libby Dam. . ';"“
- N ¥
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SURFACE AGITATORS AS A MEANS TO REDUCE

NITROGEN GAS IN A HATCHERY

WATER SUPFLY

EINAR WoLp

Burcau of Sport Fisheries and Wildlifc
Dwarshal: Nalional Fish Hatchery, Alsahka, Idalo 83520

NITROGEN SUPERSATURATION AND ITS EFFECT on

fish (gas bubble disease) has been a problem in
some fish haichery operations for a number of
years {5, 7, 8, P, 12, 271 Gos hubhle disease in
fish is characterized by small emboli in the vas-
cular clementis of the fins, gills, and skin. The
bubble disease may not kill the fish ouilright,
but may cause small ruptmwres in the skin mak-
ing the fish more suscepiible {0 secondary dis-
53¢ infections.
Wood [197 consi following nitrogen
sf‘m“stim levels as :1 or lethal for
almon (Ornicorhynchus ¢p.): 103 1o 101 percent
:f n yoili-sae Iry and young fiwrevlings; 105 to
118 pereent for older Pngeriinas
and 118 pereent For aduits,
showed thot adalt chinenk sthmon (O, {=haw-
pisel ) hiold in water with nitrogen concenfra
tions at 116 percent sulwradion developed defi-
nite sympioms of cus b 1!:1)30 Gizepse, Hurvey
and Smith [5] seperied that saturation levels
mwm nrodneed sas halhie disease in
ireul ﬁr«.ze fngs, Wreat and Dodudngen [17]
roporied 'L“L 152 pereent nifvogen saturation
in o Orcgon hatchery Xilled 28 Javenide salmon
end sl Yuad (Solwea grededne ) v 5 honrs,
At Dworshal Natioual Fizh Thdchery, steel-
Load yoli-sac frv hedd in waeley with ]01 ner-
cend m!zugvn safuradion develoned gas bubble
dizense cousing thoy 10 floct wp-dde down in
{he waoter, When the sdirogzen ovel was reduced
{o 105 pereent 1hie Try acelinatod {o the sew en-
viedd fo nespin) swihnoming

idered the
dairiment:

vipennenl and oolu
2y !\ 1!'&.3&:.

Shuee high saduretion Jevels wre

':‘4 N ELATEE
IO RTME b}

Larcful do G9h, voaee seeemy do veduee $he devel
{n 1o then 105 poreent in I dehery waler sup-
pres i naeessnry oo maintain a Lealthy hoteh-
Y ok,

el "’i' :‘ﬂ(), 3‘ Ji..ll\.' T973

Several methods for aerating fish ha’rchezgr\
water supplies have been used successfully [3,
4, 7, 8]. Rucker and Tuttle [8] found that nitro-
gen saturation was reduced from 144 to 101
percent when water was dropped in a series of
troughs to create thin sheets of water. Harvey
and Cooper [4] used a structure with baffles set
at right angles 1o reduce nitrogen saturation
from 119.5 to 102 percent. Exdman [3] used a
spray 1o serate a healed waler supply. Rucker
aad ITadgeboom [7] used a bafiled fiume to re-
duce nitrogen gas saziuration from 120 to 115
perceent.

“At Dworshak National Fish Iaflchery, lo-

wied 1.6 miles below Dworshak Dam on the
North Fork of the Clearwater River in Idaho, a
water treatment facility was consiructed to
provide a selilinz basin and aeration facility
for low oxyrenated reservoir waler, Since dams
have different characterislic effecls on nitrogen
saturation [2], the effect of Dworshak Dam on
the water qualily of the halchery supply wea
unknown. During the spring of 1972, 2,000 to
30,000 cubiic feel per seceond water was released
down {he ryilbvay from the low Jevel outlet
{elevation 1,290) at Dworshak D, This asder
plunged inde the ~1illing hasin (woter sorface
clevation @75, bollom clevation 931) enlrap-
ping aiv and crealing nitregen levels ranging
fromi 110 10 130 percent satmration, Duaring this
{ime vurfico mmh.mu"l] asitalors originally
ivctolled for use as aerators
daced Hragen 1o levels acceeplable for fish
cullere purposes.

DYESCRIPTION OF FACILITIES

The vty treatipent facility at Dworshink
Nutionnd Pith Haldhery is a Jarge (:oncv'wte
stroebare with o total volume of JI7,676 cubic
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Figure 1 m\?.’..tar trzatment facility \udﬂ

feet (356,611 gallonsg) (fg. 1). Twelve 30-horse-
power surfice acrators with a gear ratio of 25,
G6:1 are platform mounted and supprorted on
steel hridges (fig. 2). The impeller whjich ro-
{ales at 75 rpm is an inverted cone with blade
radidling oulward from a boss at the cm*er
As the impeller {urns, it draws 1the waler up-
wardly {owards the hoss; it is propelled out-
wardly in a low {rajeciory as a fine spray.

The hatchery water supniy is deliveved {o the
water {reoatmoent fueitity fron the viver by any
combination of three 15, \")O-«'pm and {wo 8,000-
gian pemps, The aerators are installed in {lnee
rews with four acrators in each row {(fig 3),
The waler Jevel is mnintained hy aoweir {o pro-
vide a continuous depth for Lest nerator effi-
ciency.

CONETRUCTION, OPERATION,
AND MAINTENANCE: COSTS

The wuler {restment ficility deseribed in
this repert costs §177,527 o comedruetl in 19¢8

114

aerators 2, 4, 5, 9, 10, nd 12 in operation.
with each aevate: costing £6,0060. The pumiping
facilily to deliver water from the river to ihe
aeralors cost aa additional $€387,000. With a
rale of 3.6 mills/kilow m-}mur the cost of
operaling each aczx\(m' 2 36 L.80 per month. The
cost of labor and .mpnlm 18 approximately
S0 a year wilh six nmnm nonrs of labor re-
quired fur caich sorvator, 9

METHHODS
Nitrogen and oxyeen Jevels were measured
from samples of waler elvdained rom 1he Nosth
Furk of the Clearwater River and the efient
of the waler treatment Tacilily, Anulysis for
disa o lved nitrogen was made ueing a Van Slvhe
nat cnelrie Blood pas anadyaer maNified for
waler determinations o], Dissolved oxygen
was analyzed using the Azide modificalion of
the Winkler Method [7].
Aralyses of n.ivr gamples were made with
comhinations of 7 1o 12 acratars in v with
flows of 14,500 and 87,000 gpm.
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RESULTS
A minimum of four agilators was necessary
to reduce the nitrogen levels from 115 to 120
percent saturation to an acceptable level. Some
combinations using four agitators were not as
efficient as others and only reduced the nitrogen
levels to 108.8 percent. This decreas: in effi-

ciency was due io location and spacing of agi-
tators. ;

- F'our corner agitators were less efficient than
four agitators set in a line perpendicular to the
flow. Efficiency of the aerators increased with
increased flow rates. The results of nitrogen
and oxygen determinations with regards to
fiow, lemperature, and number of aerators
operating are shown in the table.

Enough Jdata have been obtained from tests
rru at Dworshak National Fish Hatchery 1o
comonstrate that agitation provided by surface
aerators provides an excellent method for xe-
ducing supersaturation of nitrogen to levels
acceplable for fish propagation.
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Summary of nitrogen and oxygen analyses with several comlLinations of flows, temperatures, and numbers
of aerators operating

Percent saturation

b
¢
o

‘ . (Van ‘Sla\;itlf: %‘?éihod) ( \\*inl?lﬁirg:\i¥:sth od) I

Aerators Flow Temperature b » o

operating {(gpm) (°C) Influent Eifiuent Infiuent Effuent

123456 ° - | :
7891011132 37,000 4.9 127.0 101.0 122.0 100.6
1245 : ‘

781011 37,000 4.9 127.0 102.6 122.0 102.2
2356
891112 _ 37,000 5.5 116.9 104.0 1148 103.5
1346 - ’

{91012 - - 37,000 5.5 118.5 104.3 117.0 102.8
13581012 37,000 5.5 118.5 102.8 117.0 99.8
123101112 i 87,000 6.8 118.6 1054 117.1 101.0
14730 37,000 G.8 118.6 1014 1171 99.4
24811 e 37,000 6.0 116.9 162.8 114.8 99.7
36912 o —— 37,000 ' 6.0 116.9 108.8 114.8 105.6
1831012 o - ST,000 6.0 118.5 107.1 1:7.0 104.2
T8 i e e ST, 000 6.0 116.9 1104 114.8 108.4
110 e e e 1,000 51 11638 112.3 114.7 110.1
1247810 .. e 19,500 9.2 117.3 102.8 1219 102,89
14510 e e 19,500 a2 119.8 101.8 117.9 1031
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TEMPERATURE AND OXYGEN-NITROGEN GAS
RATIOS AFFECT FISH SURVIVAL IN
AIR-SUPERSATURATED WATER

Arax V. N kiR, A, Kint Hauvex and Faye D, Bakir

U.S. Environmental Protection Ageney. Corvallis Environmental Research Laboratory,
Wesiern Fish Tovicology Station, 1350 S. E. Goodnight Avenue,
Corvallis, Orezon 7330, ULS.AL

{Received 16 Aiqust 197%)

Abstract  Jusvenile steelhead trout and jusenile chinook. coho und sockeye salmon were tested at
different temperatures (8 .9 010 12 0§50 18 und 20 C)at the same concentration of air-supersututated
waler. Supersaturnied water concentrations in different fests were 115, 1160 117, 118 and 120", satu-
ration. Increased temperatures caused a significunt {P < 0.005) increase in steelhead mortality, a signifi-
cant increase (P < 0.025) in chineok deaths, hit no significant effeet on coho or sockeye mortality,
Regression model duta for steelhead indicate that a 10 C increase in temperature will decreuse the
time 10 50", death by a factor of 2.7, cu from 120h at 8 C ro 70h at 18 C, when 1wsted ut the
same total dissolved gus pressure,

Effects of different oxygen nitrogen gas ratios on fish mortality at the same total dissolved gas
pressure in supersaturated water were demonstrated with juvenile steelhead trout. Mortality wus rapid
{time to 30%, death in 1 6 hy at 130, 135 and 130", saturation. with fish dying mwore rapidly as the

<8 - rutiv of ovygen nitrogen decreased (decrease in Q. inurcase in Ny Mortdity paitecns veere similur
, at 125%,; time to 5U%,, death oceurred in 5 20 b with more rapid deaths occurring us oaygen (04N,
- fatiol was decreased.

- crom ¥
- . .

INTRODUCTION Nebeker er al, (1976u) with juvenile sockeye salmon,

showed that varying gas composition of supersatur-
ated water can affect fish survival, Nitrogen gas,
which forms a significant portion of the totl dis-
solved gus pressure, is a major factor causing mor-
tality, though oxygen does cuuse severe external signs
of gus bubble discase. Rucker used 119%; total gas
saturation and varied the O,/MN; ratios. Nebeher er
al. used 120, 125 and 130", total seturation with
several O,:N, ratios. The two sty ors swavmarnize
other relevant literature that need not be cited again
here.

The purpose of the preseat study was to determine
il different temperatures might have an effect on the
survival of juvenile salmon and steelhead at a con-
stant supersaturation concentiation and 0 present
data for jurvenile steetheud trout (Salmo  gardiner)
tested at several total diwolved gas pressure lesels
and O, N ratios,

The varying solubility of gases in water at different
emperatures is well known, and temperature toler-
ances and oxygen requirements of a variety of fishes
and aquatic organisms are known for a wide range
of cenditions and with some toxic substances (Cou-
tant & Taknoadge, 1977). However, there is little infor-
mation on the effects that temperiture or varying
Coxygen nitrogen gas rutios raay have on the lethality
of air-supersaturated water to fish and other aguatic
He. An increase in the temperature of saturated water
will supersaturate the water o gases (Shelford &
! oee, 1913; DeMont & Miller, 1971), buot little is
“aown of the effects when fish dre subjected o the
samie concentration of air-supersaturated water at dif-
ferent temperatures. Three thermal studie. have con-
sidered some aspects of the interaction of temperature
and copersaturation (Coutant & Genoway, 1968, Chel
eal, 1971 Bouck ef ol 1976). Fickaisen er al. (1976)
determined effects of delferent temperatures on black
bulthead (otalurus melus) survival at the same gas
kvels, They found little 07 no cffect of supersatueration g
on the tolerance of the fish ut temperatures of ¥,
122,167 and 20 C, Marcello et ul. (1978) shorared that

SMETHODS AND MATERIALS 7 .

Steethead trout smelts {Sulme gurdnan), ond pavenile
cinook (Ongahyndies tlawytscha), coho (O Livedhl, and

tare were no significant effects of tergeritae on

e survinal of menhaden (Bropoertia Doearsned o s

o enperealiraion cofidetaraions
Thoeamal work oo dlects of varying o gon and
Jb ey rotisy dn snpersatutated wotes By Rockoer

-

cing ettt oo sl oo te Gl by

3
[
-

. ol

sacbeye silvvon (0 morba) were reared from e ot the
Werarn Fosh Tovnology Station Pish weee fod il wab
Ozeecin Moot Pty Dt and were sochimated 1o oot wome
Jefatuie Do oan Yrant vme ek Before tesbg wath aotes
of tonpmrturg oange pel Yvecedrrg T8 Calay Steatlg
iteed foe oo e teats veerg dosied At ~ 1S wonihs
f "E‘: d”h:ag ":’t Lo l;;")‘ Al siarltg .i!ni Yge ‘fd 3.
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Table 1 Times 10 50 and 20", death for pusensle stecthead trout and juvesile sockeye, chinook and coho salmon
at dulferent gas sauration Jevels and water teraperatures. Each value represents time to 50, death. using 20 fish
for cach test tank

Mecan
; maeured ¢, Nominal
Test tota} gas witler Time to 50", death (h) Time 1o 20, déuth (h)
number  saturation® temp { C) steethead  sockeye  chinook  ccho stecthead sockeye  chinook - coho
1 194 B 2 45 82 335 740 29 17 152
Hys 13 . 84 51 84 ] 61 30 55 195
119.7 16 is 63 19% [} 27 a7 34 160
1193 20 40 57 53 270 28 34 30 51
2 113.3 10 510, g4t I - - 320,380 - - ——
1145 12 SOS, 408 Bl — — 285 215 I — —
1148 15 264, 305 i v — 150,156 ] — —_—
1147 18 202, 258 14 - — 107,135 i 480 — —
3 16l 9 462, 221 515, 418 - —~ 175 108 165,177 — —
1162 12 242,252 395, 525 - — 141,158 214,205 — —
1162 15 193, 118 490, 470 - — 92,57 154173 e —
1164 I8 - 72,52 313,453 — — 39,37 162 212 —_— -
41 1165 9 160, 193 287, 456 -= — 101,127 }16. 158 - —
. 1168 12 JHf. 183 397, 603 — — 8K, 122 122, 195 — —
1170 ¢ 15 4780143 — — 93,87 272,30 @ — —
1164 18 102, 113 IRl —_ -— 53, 54 il — —
5 1204 9 45, 4 Il — — 29,35 Il 30 —_ —
120.8 2 44, 40 gl —_— = 28,27 43,39 — —
120.6 15 4330 49.36 — — 3o, 28 34,21 — —
1218 18 - — — — — — — -_—
6 120.2 10 56 49 50 43 3 20 46 30
: 1209 12 3 16 55 41 20 23 3 26
) 1203 15 42 i 50 . 55 27 41 29 - 31
v 18 32 37 k! 46 24 22 22 0
7 i17.2 9 121 226 440 230 56 12§ 200 100
7.8 12 123 250 kIR 276 73 131 330 156
117.5 IS Y6 216 2315 39 75 104 145 172
117.6. % 62 a2 205 136 45 105 94 58
* Control tanks remained near 18 C and 100%, saturation at all tmes.
T Two tests were compleied at cach temperature, -
1 The formula I%P-};PA? x 100 = °,sut. wis used for this test oaly. Other tests used &P t ”22 -1—1: x 100 = °, sat .
§ Saruration Jevel significantly higher than other tanks, duta not used.
Insutliaiens deaths to achieve 31 or 20%, mortality. .

&

. =

vy

mally be migrating down to the ocean, Average fork lenagth  cent saturation was contretled hy the cacunt of air {end
was 15 em: mean blotted wet wt was 32 Mean steelhead  gases) metered into the test water. Because supersatur-
stze when tested in mived gases ranged from S8 g (79cem)  ation of pas in water inereases with elevated temperature
10 40 8 g (16.2 cm). depending upon ape and time of yeur  a dlferent amount of gas had to be added at cach em-
tested, Chinook ranged from 238y (1260m) to 958 g perature to maintain the same total por cent saturaiion
(206 cm). socheye from 0.6 g ($.4em) 1o L1155 (20%9em). A Van Shke gas analyser. the Winkler method tor
and voho fram 205 (11 9em) to ST6g (16.7¢m), aganin dissolved oxygen, and a4 Weisy saturometer were used

depending on age and tiie of year tested. to determine  su uration  vonceaivations. The formals
, i BP + AP — 'P:By x 100 =*, satucation, where 8P =
Warer and test fuciiity atmospheric pressure, AP = saturometer realing, and

Unchlormated, aerated well water was used for all test- PP = waler vapor pressare, was used (0 caleubite wel
ing wind had the Tollowing average chatasteristios: hardness  dissolved gas pressuse with the Welss satutemeter Per vent
s Cat’Oy) Mmpl 'sadhahnay tas CaCQOyb 23mpl™'y ooygen and nitrogen (4 argen) saturation saloes woe

pH o 7.1 Water chemical anadyses were conducted accord-  deterramed usiog the methods and Gilealations ontlid |

ing 1o the Amerwan Public Healih Assoc o al (1971 by Neheker of al (111764)
Woater temperature, velovty and flow rate were vontrolled, .
und natutal photoperind was utihized datiag testing, Temperature testing -
Test Tavdition cunsisted of fise b fiberplasy tanks, Fish were tested at 87, 9,10, 127, 15, 18% aud 20C
each wath oowaer depth of Gom and certaming a fours at total gas supersaturation concentrations of 11§ 114,111,
chenbered azlon net cage for testing 4 wreapy of hoat 118 and 130, (Table 11 I cach tank of supersatorasd
the ot carccalaion ur e chare Boh fank had a0 waler ent ur tao tests were conndueted sl each tempusate
separale supersalutaion poactatar (hebebot oral, 19760 wath ene test cape per spacies, MY fish per cages Aftec sude
where watcr way supersaturatod By e ting omgeceed  moteen 1o test fealities and temjeratures, the water sa
arr ot i wrad O o Ny pas ita woaer o der pressure wuger atnt el oty afool ¥ hta seach test Bnely O
ard then podeas g the warer aito the st taks, The per Sl avre ne ottt e v hele wojee vurated comt s
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Fig. 1. Effect of different exposu:  lemperatures on the sur-
vival of juvenile stecthead trout at four different concen-
trations of supersaturated water,

were being produced. Fish were abserved for mortality fre-
quently during the day and evening. especially during tests
imolving higher concentrations, Time ta 50°%; deuth (LT50)
sas determined by plotting cumulative mortality against
fime on Jog-probit puper. A straight line was fitted through
the points and where it crossed the 50Y, mortality mark
was considered the time 1o 50°%, mortality (1. T50) for that
group of 20 fish. The slopes of the lines (Fig. 1} were not
sgnificantly dilferent so they were set equal to each other
{regression of log (LTS0)).

Mixed gus testing

Fish were tested at total gas supersaturation concen-
trations of 125, 130, 135 and 1402 to1al dissolved gas with
37 diflerent oxygen-nitrogen {O,/N,) ratios, ranging from
W, (d4megh) 1o 307°, 3l mg ) O, saturation: and
96 -162°, nitrogen saturition (Tahle 2} In each tank. of
supersaturated witer, two or moge tests were completed
at each OyN, guas rutio and supersaturation concens
tration, with 10 or 30 fish ssed during each test. Fish were
under contlinuous observation until gieater thun 50%, hud
died. Fish were transferred directly to the supersaturated
water from holding tanks at the same temperature $12°C),
rather thun being placed iu the tanks prior to super durat-
ing the worer. Time to 50°, deuth (LT50) voas determined
in the same manner as in temperature tesling,

RISULTS AND DISCUSSION

Temperature tests

The cffect of different temperatures and constant
supersaturalion concentration on survival of the
juvenile steelhead and salmon varied with species
(Tuble 1). Increased temperatures caused a very sig-
nificant (P < 0.005) increase in steclhead mertality,
a significant (P < 0.025) increase in chinook deaths,
but no significant eflect on coho or sockeye mortality,
Using regression  models, highly significant
(P < 0.001) and significant (P < 0.005) temperature
effects were shown on steclhead and chinook, respect-
ively. For sorkeye and coho, such regressions did not
show a significant effect of temperature for either the
LT50 or the LT20.

Table 2, Summary of meun time to 50°, death for juvenile steelhead trart at 125,
130, 135 and 140°, total dissolved gas pressure and varying O,/ N, ratios

125%, total gus
Mean time

Gas concentration 1o 50°,

1304, total gas
Mean *ime

Gas concentration {o ™,

T T T

0.°; N.°% death (h)
. 442 146.6 4.7
93.0 133.4 59
957 133.5 8.2
995 132.2 5.0
1174 128.1 16.5
1202 1259 16.7
1218 125.3 120
123§ 1258 200
129.4 1256 155

0,% N,% death {h)
*459 151.8 37
99.2 138.1 4.2
100.4 1383 4.5
1384 131 5.0
129.2 130.8 42
1390 1280 55
1400 128.2 6.0
140.0 127.8 50
166.4 121.1 5.5

135%, total gas
Mean time

140°, total gas
Moun time

(Gas concentration to 30°, Guas concentralion to 3¢,
0, N, death {h) 0,°%, % death (h)
‘s 1596 2.5 56.6 162.4 1.7
J07.8 1423 1.6 990 1519 1.9
10 1450 23 1041 1503 1.7
131.7 1373 30 138.2 1414 2.2
1153 136.1 27 140.9 1407 20
125§ 1383 18 1571 129 1 1.7
]2 1259 15 2109 1221 1.9
LI05 w4 57 2319 1180 45

M7y 946 1 320
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These data indicate the likelihood of increased
mortality ol steelhead trout and chinook salmon
Juveniles in supersaturated water at higher sempera-
tures. Apparently coho and sockeye are not signifi-
cantly affected. us long as the temperatures are below
those which do not direetly cause temperature-related
mortality, The supersaturation concentrations used
during this study are near the 96-h LC30 values (507,
mortahity aflter 96 h) determined from previous studies
{Bouck w1t ul, 1976) und huave been shown to occur
in the Columbia und Snake Rivers (Ebel & Puymond.
1976). Rcexression data for steclhead trout in this
study indicated that a 10 T decrease in temperature
will increase the LTSO by @ factor of 2.72; if the LTS0
for 118", saturation at 18°C was 70h it would be
near 190h at 8 € (Fig. 1). Thore was no significant
difference in LTS0 ut different temperatures for sock-
eye juveniles,
 As mentioned in the Methods section, the formula
used to culculute supersaturated water concentrations
subtracted water vapor from the saturometer reading,
In test No. 4 water vapor wis not subtructed during
caleulstions to see il this would result in survival
data different from the other 6 tests. It cun be seen
(Table 1) that similur mortality would occur with
cither method of culeulating supersaturated  witer
concentrations, .

It is appurent from this study that the tempe-ature
of supersaturated water may have an effect on fish
survival, depending on species and total dissolved gas
pressure. Therefore, warer temperature should be con-
sidered when determining if levels of supersaturation
are safe for a fish species in a given water system,
This apparent biologicul difference due to tempera-
ture increase s different from the physico-chemicul
incredase in supersaturation when water is heated and
Sccomes supersaturated, In general, air supersatu-
raticn in water will increase 2,57, for every 1°C rise
in water temperature, i water will be supersaturated
to 125, if temperatore is raised from 5 to 15°C.

When the temperature of @ water system increases,
either naturally from solar insolition or from thermal
spiings, artificinlly due to man's activities, or due to
a combination of both, the resultant temperature may
have a deleterious effeet on fish populations, Il the
wiler is sunersaturated by spillage over dams and
subsequent!y heated, fish and invertebrate popula-
tions would be seriously threatened, o not completely
chimmated from allected arcas, -

Mived yas tests

As in the two carlier studies by Rucker (1976) with
coba salmon and Nebeher e al (1976) with sockeye
salinon, the present study with steetheud showed that
there was a sigmbicant dilference (P < 005) in tume
1o death ol JBfferent Q4 Ny ratios when fuh were
tested ut the same total disenlved gay prevsure Fish
died rapdly ot 140 and 135%, satotaiaon, with fish
diing rere guidkly At the Tower saspen mtnegen
Fation alerd ntrogen wade vp g L gieder pur-

ALas V.o Niutrin, A, Kiat Havex and Fave D. Bakir

tion of the total gas, Mortality also occurred more
rapidly at the lower O,/N, ratios ar 130", Mortality
patterns at 125" were similar to the other three total
gas concentrations but the LTS increased as the
oxygen concentrations increased (Fig. 2). The lower
OAMgen concentrations in the four tests} 4.5 mgl ™t ar
125%, 49mel™' at 130°, $4mgl~! at 133", and
6.1 mgl~ ! at 140", may have contributed 12 the mor-
tality caused by supersaturation, but this was not
determined due to the rapid mortality at the high
nitrogen levels needed 1o maintain the desired total
s pressures,

In plotting the effects of different O,/N, ratios on
the survival of steelhead {time to 50", death) at the
same total dissolved gas pressure, it was found that
the sume results could be obtained using dissolved
oxygen rather than O, N, ratios, muking the graphs
simpler to prepire and understand. The curves in
Fig. 2 show, based on the data available, what the
time to death might be at different O; levels and total
dissolved gas pressures, We were unable to construct
a reasonably simple mathematical model which fits
the patierns found in Fig. 2.

The curve (X) showing time to 30°, mortality for
juvenile coho salmon from Rucker (19761 5 superim-
posed on Fig., 2 to see how it compures with the data
in this paper. Although the morwality pattern was
similar, the time to death cannot be compared
because more tolerant ¢ Mo salmon were used in the
Rucker study. and steethead trout were used in the
present studs.

At 125¢, total gas saturation steethead dicd most
rapidly at the lowest O, concentration of 4.8 mgl™!
(O/N; ratio of 44.2/146.6, indicating that the low
oxygen-high nitrogen combination was rapidly Tethal,
with 509, mortality occurring at 4.7h evposure, At
the highest O, concentration of 143 mgl ' (OyN,
ratio of 129.4/125.6), the LT50 was 165h, 4 times
as long as the lower Q4 N, ratio. The low Qs oon
centration of 4.9 mgl™! (O, Ns ratio of 459,151 §)
at 130°, had 50", mortality at 3.7 h, while the high
O, concentration of 18mgl™' (OuN, ratio’ of
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166.5°121.1) had-un LTSO of 5.5h. The dilference is
Lt ey greal as that ol 123%, bevause the total gas
toncentration of 130", Kills fish more rapidly. Tuble 2
_gives a summuary of the times to 50%, death (LTS0)
for stecthead trout for ecach total gas concentration
aad each O N, ratio.

A sipnincant change i the ratio of ovygen to
nifrogen in wir-supersaturated witer will result in a
change in the lethality of that water to fish. If photo-
ssndhenic activity occurs, dissolved oaypen in the
water will increase, the total dissolved gus pressure
will increase, and the oxygen/nitrogen ratio will
change, unless the water is vigorously ugituted, The
actual nitrogen concentration may decrcase doe to
the physical stripping of nitrogen from the water
column as oxygen bubbles rise to the water surface.
In most instances waler lemperature increases during
active photosynthetic activity because of increased in-
solation. This increased water temperiture resulls in
an increase in the total dissolved gas pressure, or
supersaturation, If the temperature of the water in-
creases without inecreased photosynthesis (from algae
or higher aquatic plants) the oxygen nitrogen ratio
(0,/N,) may not change significantly though the total
per cent supersaturation will increase, I the ternpera-
ture stays the same dusing incieased photosynthetic
activity (e.g. an ajgal bloom), the O, N, rutio will
increase due to greater amounts of oxygen being pro-
duced. If the temperature increases during an algal
bloom, supersaturation }cyc!s and the O,/N, ratio
will increase, depending upon the rate of temperzture
and O, changes,

The other main cause of change in the O,/N; ratio
i biological respiration, or_use of oxygen by algue,
higher plants, bacteria, fishes, ete. This decreases
oxygen in the waler, lowering the O3 N, ratio and
the total dissolved gas pressure, or supersaturation
in the water. Man may radically alter aquatic systems
by introducing nutrients which stimulate algal growth
or increase bacterial respiration, causing cven greater
fluctuation in the O, N, ratic.

The resufts of this study ure consistent with those
o Pucker (1976) und Nebeker o al (1976} Increased
ttal air supersaturation causes greater mortality and
a reduction in the LTS0, An increase in the amoun
of oxypen (decrease in nifrogen), keeping the total gas
sturation level the same, will reduce the mortality
and increase the LS50, Conversely, an increase in the
pitropen concentegtion (decrease in oxygen) beeping
the gas stlurativn concentration the sine, will in-
aease the murtality and decreane the L7500 The work
of Knittel o ul (1978 Jowed clearly that of fich are
femoved fromy sup roatanated svater prior o death
they van recerer, Pish onid other equatie ife nigy be
eble to rolesute bried Ripher Jovels of supeopatun «ton
becopse Doorerod woder by rerature gnnd ;% Py
ot oty darng e day eie ot by ool

Bigh respoetan noes al gagnt Farther credio
Aereivnd o onres wnstating the Jdaly
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in supersaturated witer would he useful in predicting
extent of fish mortahy in those situstions.
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and the Qregon Department of Fish and Wikdhfe for {ur-
misinng sources of fish ceps. We also thank Joel MoCrindy
und Steve Weity for help with gas anulyses and water
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1is letter is to provide guidance
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cation of those projects with

t
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he potential to produce nitreogen
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This letter applies to =zll field operating
spensibilities for the: design of Civil Works
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ER 1130-2-2334

a. Nitregen supersaturation and associated fish mortality
due to gas bubble disease has occurred at Cerps of Engineers
projects on the Columbia River in the North Pacific Division
INPD) aind more recently at the Harry S. Truwaan pProject in the
Missouri River Division. Nitrogen supersaturat-ion can result
at any hydraulic structure from entrained air introduced by
the spillway-stilling basin action. As the flow is subjected
to hydrostatic pressure in the stilling basin, a pertion of
the entrained air is driven into solution before it has the -
opportunity to rise to the surface ang escape into the atmo-
sphere. A potential problenm Situation will exist if the
characteristics of the flow within or downstream of the
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1ing basin are such that the flow does not have
ssary turbulence to degas orspurge itself of t
olved n¢troger Fiow conditions uelOd rroject
vz to rapid ecuilibreation with the a-mgupuy.
Jow, turbulent streams. The reaeration and
racteristics of deep, slow roving rivers or &
reservoirs are relatively smalil. GeneraAlv fis;
suffer from gas bubble disease so lO“g as Lbnl

depths below 15 feet. At thoss depihs the extis
nal gas yressuzes on fish are a§§TOA1udLelV egu

ich swim to th surtace, however, the internal
exceeds the externql gas pressure on the fish rezuit
gas embolism oOr gas bubble Gisease. The tolerauce or
to levels of nitrogen euperektﬂ*abloﬂ depends upon the
of exposur2 an¢ the age and species of the flqp, nowever
dissolved nitrc3jen ievels referenced to surface pressure
above 110 percent are gererally considered to bz harmful.
(Figure 1.)
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b. The phenomenon of nitrogen supersaturation below
hydraulic structures ic complex and .Gepends upon & number:
factors. Normally the Hroblem oi nitrogen sune;s**u.atloﬁ naa
been associated with aerated flows plungi-vgy into deep stilling
basins with slow moving downstream Lth coenditions. If the
nydraulic jump in the stilling basin iz & free jump, suffi-
cient turbulence should be pressnt.to c¢egas the fiow so that
digsolved nitrogen Jevels referznced to surface pressure will

not exceedé 110 percunt If the hydraulic Jump is submerged,

the flow may plunge to tne bottcm of
submerged hydraulic jums £low- ﬂond
romentum of spillway or uaglp wor
50 foot radius toe curve subliects : : r .

1.15 times the hvdrostatic pressure on: itha-apron due -to tne
downstream tailwater. The jump will become fully sudbmerged

ToR pasin. - With
.ions, the cnange

when the hrailwater depthh 1S greater ‘then approximately 123
percent of the -theoretical d2~ valuew It should bs ncted

that roller bucket stilling basins are designed for tail-
waters.greatar than 125 percent of ds4.: " In gennra1 i1f for. =
given discharge the-tailwater. exce eGS | a depth of 25 feet and.
if the tailwater deptn 1is greater than 110 parcent of
theoretical d, (partially submerged jump) and if flow
conditions downstream of the project are not conducive for
degassing the flow, the potential for nitrogen supersaturation
exists znd should be‘inVestig&ted.

‘)‘\
o

Nitrogen levels can be determined by measuring total
gas conteat with a gas saturometer and subtracting dissolved

a WQ,
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xysen content measured or by using & calibrated Gas chromato-
grapn. Technigues to estimate the percentage of nlt103Cﬂ
sunerscturatlon below a hvdraulic structure have been
*Gevelcped. by NPD and by the #U.S. Bureau of Reclzmation
lnclosure 1 gives a summary OL the development ané cva
proceaure for the NPD method. Incliosure 2 givas a
the USER method. The technigue developed by 2D w
; the Columbia River Basin. The 53171wa
trolled ogee crests and with the exception
they have similar stilling basin characteri
Tne NPD method should be used to evaluate the effects of
structures similar to those in the Columbia River Basin. The
coeificients for this technique are based.on these types of
structures. The technique developed by the USJ“ is more
general than the NPD technique and utilized data from a wider
variety of hydraulic structures. The USBR technicue should
be used tc¢ evaluate the effects of structures other than the
type found in NPD. Both technigues compute downstresm nitro-=-
gen concentration values by considering such varizbles as
tpstream concentration, headwater and tailwater 2levations,
head loss, angle of the jet, residence time of the bubbles,
and pressure conditions in the basin.

fue 1]

=G O O Ww

3 r’

o
Q 13 =t f b

o

mn 4 £ C
i CLWg of W0
)..l

Sorh 3oy

'~<:ft)

O n W

6}

om0 n e~

d. If measurements or estimates indica

.for nitrocgen supersaturation problems ex t
model studies of the project may be nec a
t

alleviation measurcs. Assistance in thg S
lobtained from the VWaterways Experiment St
niczl assis:iance casn be obtainsd freox
Interagency Steering Committee on nuHE
Committee on Water Quality {(referen
services of either of these »omnlubeeu

through HQDA (DAEN-CWE-H) WASH DC 2031l4.

+a

-: wla

ration Rezearch and the
3) Eecuestes for the
Sh

-

ould bz coocrdinataed

6. Action Regquired. Review all reservoir projacts, follof¢ng
the proceaures outlined in Inclosures 1 and 2, to determins
potential for nltrogen supersaturau;un problems under ell

operating conditions including interim conditions duringc con-
struction.

+ L4

a. Existing Projects. Report results and proposad
corrective measures in Annual Division Water Quelity Keports
(reference 3a). '

b. Projects under Planning, Design or Construction. Report
results and proposed alleviation measurcs 1f required in

4
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appropriate portions of Survey-Feasibility Reperis, Design

n
&
“emcranda, Deteziled Project Reports, etc.
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DCERIVATION OF THE SPILLWAY-STILLING BASIN MODEL™

Consider the conceptual represer ation of the stilling basin
shoun below. . ’

r

".L&“fm4wcu3“
) density = &

*
H

Prd
Sesadw
-

e

CONCEPTUAL REPRESENTATION OF SPILLWAY-STILLING BASIN COMBINATICN

-

The water parcel indicated in cross-sectiom by the shaded area moves
through the stilling basin, decelerating and increaring in height. It
"extends laterally the full effective width, w of the stilling basin as

»

illustrated in Figure 3 of the main report. ’ -

i
.

Ve now make the following assumptions for the water parcel anc
stilling basin: |

1. For that length of spillway that is in operation
at a given time, the d1scharae is uniform along tne
Tover GQuil.in Biver

b o e e -.o-.,a--..-a. b o~
P a4

anuary 1971

Inclosure 1
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toLai surrac

Cp = effective saturati on»concptiﬁahlon ov
dissolvad nitregen in the weter narcel, and

actual concentration of dissoived nitrogen
in the water parce]

L)
u

With these assumptions, we can now define the parameiers M, A, &nd Cp

in equation A-2 as functions of the location of the water parcel in the

‘Assurption 6 allows us to write the mass ¥ as the product of

the concentration C and the 'volume of ha water parcel, .
M = (wysz)C (A-3; ‘
G: shere w is the effective wiath ot tha stiiling basin, i.e., ¥ = {number ;

of gates open) x (width per gane)

The saturation concentration o7 & gas such as N2 or 02 that 1is
only slightly soluble in water is governed by Henry's Law which states
that the equilibrium or saturat tion concent

s directly provortional to the pressure existing a
interface. In the water parcel the presqure at an elevation z above );‘1

the stilling basin floor is

vation of the gas in sclution
. the gas-iiquid

= ' : 1 «+ U
P P oty a(y-2)

15 the atmospheric (or barometric) pressure, and the « paramaters

where P
in Figure A-1.

are the dansities of the roller and main flow as shown

Hence, the saturation concentration at any elevation z in the parcel is

aiven &s:

-
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mRT e ¢ )
, ho= T (A-E)
whare
m = naumser of males of air in the bubble, .
R = universal gas constant, :
T = absolute temperaturd, and
P = the @otal pressure in the bubble.

ion A-8, m can be replaced by ny/28.9 where 23.2 is the molecular

o~

i
T air. The diameter 4, and the arese 4y of a sphere are given by:

A g,yb | | | (A-Sa)

Q.
I

) &y = w@bz SRS (A-9b)
Now, combining equations A-8 and A-2, the follewing exoression resuiis

i
Tor the su-€ape area 4 Zn air bubble with mass o

al3

."7‘\“/" nb‘f

4 < \%ms) |7 (-10)
Thus, if the total air mass entraired per unit volume of watér at ¥ is

My the total air bubbie surface arsas 47, per unit voluma of water is :

tound Trom the bubble size distribution and eguation A-1C as

L3

-
72 7
max ., ¢ .
- [’:‘ . '3
44 ‘vb D -
3 ¥
A ’ = A 4 _(A-'i .‘ )
b -u‘,
o
.
.
"
,ﬁ‘/f"p__:\‘ "/_' 1 .
! Dy T ! m=Yigm
- Fodi i L
A Ty 9 I3, o, A ] 2
L0, I2 A) o
L\ ¥
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.
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A

11y, to get the totel bubblie surface arza in thz waier parcel it is
necessary to integrate equation 5-12 over the velume of the parcal wydex,
i.e., :

A = [ [ 4t dzx & a2 {A=13]
Sz w z : ‘

3 ~

Applying assumptions 4 and 5 and substitutiag for 4' From equation A-12
gives
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If the expressions Tor A, Crs ana 4 from eguaticn A-3, &~7 and .
A-15 respzctively ave substituted into the rate expressions given in

.

equation A-2, ihere results . .
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dC' da L L
——i A Tha
o in terms of the

H
ing basin by using the relatiocnship

-

We can now Write rate expression jocation
still

v

g _ dz dC

at dt dx

(3

where v is the velocity of the parcel and g 1s
width of the stilling basin. In addition, we de

5w o
= o

X, which we will call the entrainment coej cte

. s =p\%3
K - K K 3 bl’:R

& e | Ao ’/‘
= KK, ¢ 289 ¥

Substituting equation A-18 and A-19 into A-17 gives the expression for

n
tration change in “he water parcel as

the concen

CZC' — - | i "_‘ 3 - - ; 3
= = [-Po +kcan+(oc oca)y]y [P0+chD aoy]V‘

' , e - 2 oVIoE -
[Po+ocon(czo zy)]c ¢

Tha solution is obtained as foilows. Evaluate the pressurc terms at

N * 4 3 - [ - D7Y - S .
the midpoint of the stilling basin y = «Ergt tg obtain
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C=D0%+ ke 9 (A-24,

valuating zquation A-24 at = = 0, where ¢ ecuzls th
‘= and at x = L whera ¢ aguals the stilling kasin ¢
the spiilway-stilling basin mods] as
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PREDICTION OF DISSOLVED G&S

ST IDRATLIC SrRuCIUREsR - :

by Perry L. Jauuson—/ ang

Danay L. King=2

Tntrcduction
:ith the incrazsed intesrest in the effects of hydraulic structures on ihe
dissalved gas concentration of the flow, it becomes desirsbis to be cble to
oredict how particular structures operating under specific conditions will -
chance the dissolved cas concentration. '
At existing structures a predictive ahility would enable the facility operator
to select the method of release thet would have the most desirasle efrect on
the dissclved gas concentration of tee flow. Prectotype datz indicate that the
change in the dissolvad cas concentration is CF;»udEﬁt on the type of struciure
through which the flow passes, the maqnitude of the discharue, the barometric
pressure, and the water terﬁerature To est ablysh an operating criteria for
each structure based on actual mezsursment of resulting dissolved gas concen-
trations would be a difficult tasx. A predictive abi }zty could yield an
understanding of a structure's pofenfx 1 ‘and allow pr eparatjon for the possible
conseguences, even if the structure had nevar operated.

Alsc, with a predictive ahility designars would have an additional ¢
which could be considered in structure selection. Dependirg on the
it is conceivahle that the dissolved gas potential might even contro

design. Planners could also use @ uzed ctive ability h
erfec»s of 2 siagle hyarau?xc structure, or a series cf nydraulic
cn a river. T .

o
-3

ally the dissolved gas concentration above the struc ure \ootw OXyger
nitrogen) is equal to the concentration estabiished by the inflcwing
ream, the nitrogen, being relatively inert, will maint ain this concentrea-
for guite some time. The oxy"an howaver, especially in the lower depths
esevoir, may be depleted from the decaying of oraanic material. Thus,
ater is raleased it may be lew in dissolved oxygen ang yet may coenc ivab?y
ich in dissolved nitrcaen. Furthermeore, the water may be high in bioche
xygen cdemand {80D) which would reduce the dissolved oxygen concenurat.cw
stream below the dam. Therefore, the c“aijsxo should be able to
eval ate how effectively structurss increase deplieted gas concentir rations as
well as evaiuate whether supersaturated conditions might be cr eated.

..
IPl i
ﬁ
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D

Sucn nrcﬁ1rulve methods have been developed for the

< 1wojs of the U.S. Army
Corps of Engineers dams on the Columhia River (1). ¥

i1
st of these structires .
h

are geometrically similar. They are low head, run-ov-ine- rxver structures,
with aate-controlled ogee spillwavs. Tne st11iinn basins are also of simiia
dasicn. This S1ﬂ1‘ar1%1 anabled the development of a prugictive analysis that
is auite satis'chorj for the structures considerad. 7.2 3Bureau of Recliama-

tion nas Tew structures that corraspond to these Celurdia River dems. In
ceneral, Pureau struchures vary widely in type and size. thus, a much more
cepneralized oradictive analysis ‘s required for sienificant appli tion’,
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2/ ¥ydraulic Engineer, Bureau of Re cigwation, Denver, LUoioraco
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basis for development of the

Reserveir water temperature, dissolved oxygen corcentrat
dissolved nitrogen concent rat1on a2t the elevaticn from
water is w1thdrgvn

Discharge and a record of which gates or valves are operating it
releasas are bﬁ}ﬂg controlled . :

Taiiwater elevation, temperature, and dissolved cxygen and nitrogsn
concentrations in the tailrare

Local bargmetric pressure

Phobouraghs of the structure ooerating and dimensicned drawings of
structure’s confiquraticn

By fall of. 1973 the monitoring proaram of the Bureau's Enginzering ard Ease
Cﬂnter nad reached 16 swtcs and had observed 24 structures in cperation.
rty -nine different oaerauxqq conditions had been studied. In addition the
cific Morthwest Reaion of the Bureau of Reclamation has closely studied
arand Coulee Dam and made cbservations at 36 other sites. 1he Uyygr misscur
Region of the Bureau has performed monitoring at Yellewtail Afierbay Dem.
Combined, these data provided an adeguate base frem wh;hn Lhe predictive
analysis could be developed.

Anatysis

The process of gas transfer is described by the equation:

J

C{t) = Cg - (Cg - Cj) & ~RE (1)

final dissolved gas concentration
saturation concentration

initial concentration

a constant of proport

time

C{t), Cg, and C} are concentrations in ma/L of water.

Equation 1 shows that the final dissolved gas concentraticn, C{t), below 2
hydraulic structure is dependent on the initial concentration, Cis 1n

the reservcir, thea saturation concentration, Cs,in the stilling basin, the .
lencth of time, t, that gas is being dissolved into the flow, and a ccn,taqt, Ky
that wosuld be ﬂxpected to vary with the suvc3a1c hjdr‘U]xP struchu;e and
onerating condition. 1 will be either set 4t a known level or assurmed. The
cther three parameters ZCS, t, and ¥} are dependent on tw tyve cf stucture,
operating condition, temperature, and barcmeiric pressure. ESfforts were
directed at evaluating (g, t, and K computationally.

The saturaticn concentration level, ¢, in the stilline basin, is depencent
on tne pressure thet cen be deve1ooe£ in the basin and the water temperature,
" Th2 pressure obtained in a stilling basin is dependent on the depth of water
over the flow in which the bubbles are entrainid and the barometric pressure.
Thus, surface water at SPd level w111 noid 33 nrrcent more aas than syrfacs
waiter gt an elayatinn nf 2NON £t (“'"Q ~V A watar st tk_ curi o ¥ 'a
Q . '“‘: .'rll] rnG .3 55 3 '“L._wl. 1SS et TLT Al "c’:« o ‘..-f.--v 2f 31Tt .
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25s ¢7 the jet 20 the taiilwater syrfzce by the terminal rigs volncity of

iBnle. By triel ind error, iU wes detersined that #n assumsd D.02R-ireh

=~} Sisveter hubhle with a theoretical terminal velscity of 5,295 74/c "

/s yielded the most consistent resuits with respact to chserved prototve s :
icns. Also, wh2n 2n anaiysis was ceveloped that predicted K (equaticn iy o

wo dirensionless parameters, it was found that the 0.02A-inch-diamster
yigided predictad values of K that were consistent with ihe predicied | i
of K hased on the basin retention time. . =
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The Tinal term in equation 1 to be evaluated is K. K is unlike ihe other
a Y T

terms evaluated in that it is not directly repr 2 of any sgecific
~physica‘? perazmeter. K is a measure of the ability of particu}ar structurs,
eratiwc under a particular COWd]L:Oﬂ to dissolve gas. It is reoresentstive
the de\re of air entrainment and thL rete at which the water at thne )
qa -liquid interface is replenished.

L]
]

nendent only on th

I+ appears that K is d &
nd a predictive procsd

basin. Attempis to fi

' e v
X resulted in the curves shown in figure 2 To o%faxﬂ '%nse Curves the .
prototype data were manipulated into various pararmaters until useable results -
were found. Cnly dissolved nltrcuen data were used in the develsprent due to
the stzbility of nitruqen At a few of the reservoirs data wers coilected at
several cepchs. Thesz datea 1nd1ccted tha* dissalved oxycen concentrations may
vary wicely throuah the depth of a reservoir but thet dissolved nitrocan .
concentrazticns are fairiy constant. Al same other reservoirs dissoived qas .
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structure’s elevation. If the baromairic pressure is unknown, a standard

atmosphsre may be used.
Two of the terms (Cg and ) of.equation 1:
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To do this, the vertical dimension of the jet at the tailwater surface is
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sectional area for threa gute,. ‘ | .

3550/42.5 = 3.5 t+2 (7.8 )

Assuming equal flow through each rasults in a flow cress sectionel area of
27.8 12 (2.6 m2) for a sinale gata. ‘when equal flow conditions are
s te i

\)

:
assurad for the gates, the analysis of each individual gate is identical and,
thus, the analysis of the flow for only one qate will p:ndlc; the perfcrmen e
nf the watire strpchurs,  IF the ' -n rrang qeationil cvay js thon divided

B Trer 1T wlglnn Je g tene 0 e et T

» N o Y . " N "
LI = b T HER G

n




t, 1s also evaluated by ronswderlnr the 1
an effective depth in the basin. To do ‘h&
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23.4/20.7 x 109 = 113 percent
The qbserved value for nitrogen, No was also 113 parcent. To obtain a
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oxycen saturation calculated %+

i2.9/12.9 100 percent
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Ine actual observed value for oxygen, 02 was a
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so 100 pei

An aporoximation of the percent totail dissolved gas would be:

(100} (23.4 + 12.0)/(20.7 + 12.9) = 105 percent
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1/ Considerabiy less after dilution by powarpiant discharge.
7/ Data rot available.

3/ u?lxeve that gas esceped from sample.
%/ Possibly lower beceuse of heavy oraanic icading.

Conclusians

1. Given the velocity bead of the inflow Jet at the taiiwateyr surface, the
anale of penetration of the jeb inteo the tzilwater, the shape of the jet, the
basin lenath and denth, the water tempsrature, the barcmstric pressure, and
the initial dissolved gas leveis in the reservoir, the dissolved gas levels
that wil) result from the passace of flow throuch a hydraulic structure can b#
predicted with reasonable eccuracy. Model studies can be uszd to grezt i
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& SUSITNA HYDROELECTRIC PROJECT
NITROGEN SUPERSATURATION STUDY

The followiny letter/report presents results from recent studiss undertcken. to
assess the potential problem of gas supersaturation of spill waters from the
proposed Watana and Devll Canyon dams. In particular, this study investigayed,
the potential levels of' gas supersaturation due to elimiuating fixed-uadne
valves ut the Watana damsite. The preliminary draft submitted in December
1982 has been reviewed by personnel at Acres American, Incz., and the Alaska
Department of Fish and Game. Recommended changes and review components have
been incorporated wherzs appropriate. '

1. S_tudy A’pnr‘oach

In the time available to carry out this study, the following elements have
been covered:

o Review of studies to~date as described in Acres Office Memorandum i
& from G. Krishman dated September 13, 1982.
© Review and summary of 1limited relevant literature available on

dissolved gas supersaturation.

o Analysis of available data on natural river conditions receiveci from -
Alaska Department of Fish and Game.

[ . s g

o Prediction of the range of supersaturation values for spills from
Watana reservoir only and for both Devil Canyon and Watana dams.

2. Baseline Conditions

Dissolved gas concentration studies conducted by the Alaska Department of Fish
and Game on the Susitna River in the viecinity of Devil Canyon attempted to
answer two questions. The first involved variation of gas supersatux:'ation
with discharge; the other involved determination of the decay rate of the -7
R @; supersaturated condition downstream from Devil Canyon.




Figure 1 shows a plot of results from a continuous recording tensionmeter

located Jjust below Devil Canyon. A relatively good relationship is shown
between total gas pressure and nean daily dischar'ge at Gold Creek. This
linear regression analysis was improved by averaging the rarge of gas
pressures for the lower flows. At each mean daily flow level between 11,000
and 17,000 cfs, the range of recorded gas pressure values are averaged and

this average value with the corresponding flow level has been used in

developing the regression line. The relationship could be further improved by -

using the continuous chart from the Gold Creek gauge to provide instantanecus
streanflow corresponding to the hourly measurements of dissolved gas. Peaks
in dissolved gas concentration corresponding to storm events could be plotted

more exactly and result in a tighter fit of data points to the line: Further

refinement would require adjustment of the data to account for the high

concentration of data points at lower streamflow levels. These adjustments
would not significantly change the slope of the regression line for total gas
pressure. versus dischar'ge', but would improve the strength of .he relationship.

The second part of the ADF&G field program involved development of a
supersaturation decay rate at varying flow levels. Using data points from
f'reld studies .in 1981 and 198é, a set of decay curves have been developed for
dissclved gas below Devil Canyon. Data from the 1981 field season suggested
* that the rate of Fiecay of supersaturated dissolved gas was dependent on

mainstem discharge. A similar relationship was shown in data collected from

the Kootenai River below Libby dam in Montana (Alaska Department of F"ish & -

Game, personal communication). However, recent data collected during the:

summer of 1982 on the Susitna River did not improve the relatiomship shown in
the 1981 data.

The main conclusion from analysis carried out by Alaska Department of Fish and
Game is that dissolved gas concentrations for the 11.8 mile river reach below

Devil Canyon can be predicted using discharge and distance downstfeam as two.

"

significant variables in multiple regression analysis.

Channel morphology also appears to play a significant role in influenc‘ing.

decay rates. If the upper line ori Figure 2 is divided into two segments with

decay rates determined for both parts, the slope of the upper section would be
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approximately ~-0.03C while the lower part representing the river reach below
Indian River would have a steeper slupe due to changes in river slope and
morphology (Alaska Department of Fish and CGame). Additional data.points are‘»
needed to confirm this hypothesis.

Finally, studies have shown that decay rates are 'groportional to the
particulate content in the water which provide additional gas nuclei for
bubble formation.s To more accurately predict saturation levels, information
must be gathered on the relationship between particulate content and rates of

supersaturation decay.

With the decay coefficients, an exponential function has been used to model

the decay of gas saturation in the Susitna River downstream from Devil Canyon:

ae-bx

«
"

concentration of dissolved gas at a given

where: ¥
distance downstream + 100

a = percent saturation at initial point - 100

i
L5 g
4

decay coefficient A ’ ' .

X distance downstream from initial point (miles) - -

This basic function has been used in all of the following caleulations to -

determine decay of supersaturated dissolved gas in the downstream direction.

3. Watana Reservoir Only

For this part of the study, the decay curve at Q = 16,000 cof's has been used to .
determine decay coefficients downstream of the proposed Watana dam. Using the

curves presented on Figure 2, the coefficient is -0.038.

The river slope and morphology in the reach between the damsite and Devil
Cresk are similar to that of the measured reach downstream of Devil Canyon.
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Therefore, a decay coefficient of ~0.038 has beeén used to determine changes in

supersaturation level below the Watana damsite to near Devil Creek.

In the reach from Devil Creek through the lewer end of Devil Canyen, the
pattern of increase and decay of dissolved gas concentration observed may also
vary with discharge, but insufficient data base exists to define the
relationship between dissolved gas and discharge through the length of the
canyon. However, data collected on the Kootenai River near the Kooten Falls
suggest that waters with elevated dissolved gas concentrations entering an
area of entrainment, such as the rapids of Devil Canyon, may only partially
dissipate (Alaska Department of Fish and Game, personal communication)..
Therefore, significant reductions in dissolved gas levels through Devil Canyon
would not be expected if higher than natural concentrations enter the
rapids. In determination of decay rates in the Susitna River during early.
years of development with only the Watana dam on-line, no change in dissolved
gas concentrations has been applied to water travelling through Devil
Canyon. |

The remaining stretch of river from the lower end of Devil Canyon to Gold
Creek is expected to show a similar exponential decay rate as the river above
Devil Canyon.

Table 1 summarizes the percent saturation predicted at key locgtions
downstream of the proposed Watana dam using the exponential decay function and -
a decay coefficient of b = ~0.038. Determination of the initial saturation -
level below Watana has not been finalized due to uncertainties in the effect
on dissolved gas saturation levels of powerhouse operations, outflow water
temberatures, and distance of fall and depth of water plunge below the dam.
An expected range of supersaturation values has been tested and the results
shown on Table 1. Review of limited available literature indicate that levels
could exceed 155 percent12; for the Watana dam 110 to 155 percent represents
the expected range assuming no fixed-cone valves are used. High veolume spills
falling over the spillway could ceuse significant secour in the plunge pool
below the dam. Supersaturation levels resulting from entrained air bubbles
going into solution as water plunges through the depth of 'this scour hole
could yield the values on the upper end of this range.




WATANA DAM CRLY
o MO fixed-core valves

% SATURATION € KEY LOCATIONS

AT AT oF AT AT
4 WATANA % SATURATTICN TEVIL TEVIL TEVIL PORTAGE GLD
| DAM EELOW WATANA CREER CANYON CANYON CREEK ~ CREEK
16,000 ofs 155 115 o 115 114 109
150 113 Assute 113 B 18
145 12 | ™ B -3 : m 107
140 110 cange ‘ 110 110 106
15 109 in 109 109 105
190 108 elevated 108 © 108 105
125 107 dissolved 107 07 104
120 105 gas 105 05 103
110 103 eoncentr=ticns 103 103 102
iles \z} s ‘ 54 T 114
downstream )
Assumtions: [

0 Supersaturation level below Watana dam will mot exceed 155%.
o  Slope from Watara damsite to near Devil Creek is similzar to slope from below Devil Canyon to
Gold Cresk same exponential -*~ay rate used.

o No change in saturation level through Devil Canyon when water enters at elevated level.
o  Expoential decay: vy = ae™ where b = -0.038

a = initial ¢ saturation -100

¥y = resulting saturaticn +100

X = distance travelled )
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The levels of dissolved gas at Portage Creek and Gold Creek in some cases
exceed equilibrium saturation of 100 percen@‘;; however, fish exposed tc these
predicted levels should be able to avoid the supersaturated conéitions -b'y'
moving to greater depths in the mainsten Susitna River, or by moving to side
channels and sloughs fed primarily by groundwater and downstream of inflowing
tributaries where dilution of mainstem river water may reduce ievels of
supersaturation. Studies on the Snake and Columbia River system have shown
that generally fish either avoided areas of supersaturation or assumed a

deeper vertical distribution during periods of high supersaturation12 .

4y, Devil Canycn and Watana Dams On-Line

The next step in this study is to consider V thé effect on downstream watez"
quality of eliminating fixed-cone valves at the proposed Watana dam after the
Devil Canyon dam has been commissioned in the year 2002. Review of the Acres
American, Inc., weekly energy simulation computer printout has shown that, in
fact, the year 2002 represents a worst case situation in terms of volume of
spill at Watana. During the early years of operation of both dams, the
generating capacity greatly exceeds the energy demand. As a result a lesszr
proportion of .outflow from Watana will be run through the powerhouse and
volume of spills will be higher than in later gears. This assumes that the
Devil Canyon develcpment would be used for base load power generation and
Watana for peak load. |

A summary of the maxizum and average weekly spills at Watana and Devil Canyon -
dams dn.xr‘ing the summer months for year 2002 demand is presented in Table 2.
These maximum values represent the maximum spill for a given week over the
full 32 years of simulation. The number in parentheses gives the year in
which that maximum is predicted. The average values represent the average
spill for a gilven week using the 32 years of simulation. From these an
average spill for each month has been computed.

In review of Table 2, it appears that spills at Watana during the month of
September in year 32 of the energy simulation output represent a wor-st;-case
situation. The average September spill for that year is 32,680 cfs. This is
a result of high inflow to the reservoir already at full capacity and zero




‘ TEE 2
YEEKKLY SPILL RATE AT WATANA AND DEVIL CANYON DAMS
BASED QN YEAR 2002 DEMAND

WATANA DEVIL, CANYON
(R.) AERAGE MMM (R.) AVERAGE
0 - 0
' 18,523 (13) 579 6,379 (13) 199
24,513 vp) 2,3u4 12,925 (7 855
30,993 (14) : 5,35 - 22,636 {14} 2,801
© MVG. 2,080 | C . -
AUGST - 25,909 (1) . 9,59 17,904 (1) 3,837
26,014 (9) 1,470 16,783 ) 4,465
24,589 () | 12,327 13,399 (31 4,304
36,483 (18) 4,033 28,083 - (18) 5,916
AVG. 11,840
SEPTEMEER 10,964 (10) 14,540 32,851 (10) 6,191
39,811 (32) 12,476 31,299 (32) 3,855
33,888 (32) 10,252 24,397 (). 2,510
24,733 (R) 8.219 14,317 ) . L,THO .
NG. 11,387 |
OCTCRER 15,862 S () B © 5,4 4,845 (9) 373
18,031 (11 3,545 1,755 (n . .5
15,083 (32) 3,482 4,926 () 342
9,646 (27) L2 - 0
NG. 3,120 '

Notes: =
o  Year in parentheses corresponds to year of meximum weeldy spill taken from Acres American, Tne.,
energy similation computer printout.
0 A1l values reported in cubic feet per second.




ﬁgb* powerhouse flow. For all furthér determinations of dissolved éas'lévels, this
spill rate has been used. It represents a worst-case situation and also
corresponds to discharge at Gold Creek during one of the 1982 fieid sampling
trips ecarried out by the Alaska Dspartment of Fish and Game. Table 3 lists
the percent saturation at ktey locations computed using the decay coefficient
and exponential decay function determined for this flow level under natugal_'
conditions. '

Several assumptions have been made in developing this table which should be .
kept in mind when reviewing it. It has been assumed that:

1) Watana releases will not mix completely in the Devil Canyon reservoir

but travel through in.the upper 100 feet of the reservoir.

Forces of wind mixing and thermal regime in the Devil Canyon reservoir have
not been determined at this time, therefore their effect on the behavior of .

inflowing water from the Watana reservolr cannot be considered. Results from

n on-going computer thermal modeling of the Devil'Canyon reservoir could negate
‘ﬁ@? thié first assumption, but for simplicity all water entering the reservoir is .

M .

assumed to remain in the upper layers.

2} Water drawn for the powerhouse at Devil Canyon v'il come from the .

upper 100 feet of the reservoir. .

L A

Design drawings in Volume 3 of’ the Feasibility Report show the power intake at -
Devil Canyon in the upper 100 feet of the recervoir.

3) There will be little or no decay of dissolved gas supersaturation

-

4

during travel time through the reservoir generally due to
insufficient mixing.

Studies on the Columbia River system have shewn no significant change in
dissolved gas levels during travel time through each reservoir.(10). The
reason given is laek of mixing in the water bodies resulting in limited -
interaction at the air-water interface. ' e
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WATANA AND DEVI. CANYON DAMS
« IO Fixed-cone valves at Watam

9 Saturatim @ Key Locations

Supersaturation level below Watan: dem will mot exceed 135%.

O000

y = 2" X ynere b = ~0.033
a = initial ¢ saturation -j00
y = resulting saturation +100
x = distance travelled

No decay between Tsusem Cresk confluence and Devil Canyon outfall.
Flow through Devil Canyon powerhouse will rot be further supersatirated.
Constant exponantial decay downstream from Devil Canyen tailrace portal:

AT | AT DEVIL CANYON AT AT
WATANA ¢ SATIRATION — TSIEEMA CANYIN TATLRACE PORTACE GLD
DAM | BELOW WATANA CREEK RESERVCTR PORTAL CHEEK CREEK
32,000 ofs 155 148 148 147 130
, 150 144 144 13 128
%5 140 140 139 125
140 15 135 134 i .
135 131 Yo 131 130 120
130 126 126 15 16
125 122 Decay 122 121 3
120 118 | 118 17 m
115 113 113 113 108 :
110 109 109 109 106
105 104 104 104 103 ~
miles (x) 0 y 30 0 1 14
dounstrean : )
Assumptions: )




4) ‘Powsr generation at Devil banyon will not significantly change the

supersaturation level of water drawn from the reservoir.

Passage of water through the penstock and turbines at Devil Canyon by nature
of the op:ration is unlikely to result in release of dissolved gas f‘r'orxi
solution. If anything the power generation process would tend. to increase
supersaturation levels by 2 to 5 percent in- water that may already be
supersaturated. This is the case on the Columbia River system.,(S) However,
for this study dissolved gas levels are assumed to be unchanged going through
the powerhbduse. | . |

If these assumptions hold, Table 3 shows potentially harmful Ilevels of
dissolved gas at Portage Creek and Gold Creek. Looking back at Table 2, it
appears. thal. these elevated levels of dissolved gas could be sustained for
several conswceutive weeks. Studies in fish hatcheries and natural river
systems have shown that fish can tolerate intermittent periods of
supersaturated conditions depending on species and life stage; however,
continuous exposure results in high mortality rates.(12)

Holding to the same assumptions presented above, travel times through ‘tl‘le
Devil Canyon reservoir wunder worst-case and average conditions have Dbeen
computed as a check on Table 3. The average weekly spills at Watana under

year 2002 energy demand are averaged to yield monthly values of inflow to the

Devil Canyon reservoir. Tributary inflow is assumed to be insignifieant.’ ’

These have been used to compute travel time and determine the likelihood of °

filling the 1live storage of Devil Canyon reservoir with supersaturated

water. Sheet 1 of 3 shows that fer worst-case spills at Watana the travel

time is 5.5 days. This sheet also shows the water travel time using the total
reservoir storage is 16.8 days. This would indicate that in certain years of
sustained high spills at Watana, i.e. year 32 of the year 2002 demand
simulation, the live or total storage water at Devil Canyon would be
supersaturated. Water drawn througﬁﬂ the power intake and eventually released
would be at a level of supersaturation potentially harmful to fisheries
resources downstrean.

B




Sheets 2 and 3 show that under average conditions, using average weekly spills
at Watana, this possibility still exists, though it would be somewhat reduced

due to the longer travel time and greater possibility of mixing.

During periods of high spills at Watana, spill rates at Devil Canyon are alsec
relatively high. The position of the fixed-cone valves near the bottom of the
reservoir at Devil Canyon will draw water from the hypolimnion which should
not be supersaturated. This assumes that thermal stratification will develop
in the reservoir in spite of relatively short water retention time. Movement
of the water through the valves, the fall to the existing tallwater elevation,
and travel through the lower end of Devil Canyon will result in dissolved gas.
levels aproaching the levels observed under natural conditions. Though still
supersaturated, it may serve to dilute ﬁowerhouse flow entering the river at
higher dissolved gas levals. However, 1t is believed that resulting values
downstream will be higher than under pre=project conditions.

In summary, it appears that elimination of fixed-done valves at the proposed
Watana dam would result in an increase in the levels of dissolved gas
downstream of the proposed Devil Canyon development. However, additional
field data on existing levels of saturation through Devil Canyon and the
downstream decay rate of supersaturation at =arious discharges is needed to
confirm the relationships used in this analysis. Also, th=a degree of
wind-induced mixing and the thermal regime of Devil Canyon reservoir will
allow more detailed analysis of the behavior of the inflowing water" from -

Watana and posible dilution effects due to mixing.
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: Distribution — P5700.07.06

FROM: D. Crawford o b Ao, 15

SUBJECT: Susitna Hydroelectric Project
Nitrogen Supersaturation Downstream
of Susitna vevelopments Discussion Paper

Introduction

Nitrogen supersaturation has been identified as a potential lethal problem
to fish popuiations downstream of Watana and Devil Canyon dams. The
extent of the problem can be gaged by considering the extent of spills and
the method of spilling. Generaily, the lower the spills the less of a
problem nitrogen supersaturation will be. The method of spi]]ihg {valves,
flip bucket, stilling basin, or cascade) -will determine the level of
saturation.

The question of nitrogen supersaturation has apparently been raised due to
experience from the Columbia River. The analogy that the Susitna Development
will be similar to the Columbia River is in many aspects erﬁ%neous. The
Co]umbia River, in the United States, is an almost fully developed river

and forms a classical cascade with one dam spilling into the reservoir of
the next. The amount of storage available on the CoTumbia is limited so

that spillage along the system is a common occurrence. This, consequently,
causes a buildup of saturation levels progressively downstream. The
_problem was severe causing serious damage to fish populations and required
extensive remedial action.

The high nitrogen supersati «:tion Tevels and the consequential high
incidence of gas bubble disease in fish have been Towered by alterations
to spillway flips and with increases in powerhous? capacities. The later
change plus the developments of Mica and Revelstoke have substantially
reduced the frequency and magnitude of spills. Lower spills and the
structural alterations have reduced the saturation problem to a tolerable

Tevel.




In comparison to the Columbia River, the Susitna River development has
considerable storage and regulation at'Watana rasulting in a Tow frequency»
of spilis. The powerhouse capacities at Watana and Devil Canyon are
considerable and further reduce the need to spili. Consequently, the

analogy between the Columbia and Susitna Rivers is not correct from several

aspects. Other aspects which differ between the river are operation, fish
passage, tributary inflows, and length of reach downstream.

Nitrogen Supersaturation

Nitrogen supersaturation will result when aerated discharges are subjected
to pressures greater than atmospheric. Generally, the plunging of a jet,

such as from a f1ip bucket, into a pool greater than 30 ft will result in

saturation levels up to 150%.

The critical level at which fish become seriously affected is generally
accepted at 116% although regulatory authorities use 110% as a water
quality standard. Levels in excess of 116% saturation would eliminate,
given enough time, most fish occupying the top five feet of a river. This
level and greater can be tolerated by fish which swim to greater depths.
The greater tolerance is due to hydrostatic compénsation which increases
the tolerable saturation level by about 3% per foot of depth.

Exposure time to lethal levels of saturation required to seriousiy damage
fish populations is dependent upon seveval factors. Generally, fish will
show significant recovery from elevated saturation levels (up to 125%) if
exposure time is limited. |

Analysis of Watana Spills

To illustrate the Tevels of nitrogen supersaturaticn downstream of Watana
due to spills, an analysis of floods has been performed. This analysis
assumes that the spill facilities at Watana consist of the following
arrangement:

N SR
i



Capacity {cfs). Qperation

Powerhouse: 12,000 - WSEL > 2,200

Service (H-B valves, Expansion
Chamber): , 18,000 QINF > 12,000
WSEL > 2,200

Auxiliary (F1ip or Stilling
Basin): 15,000 QINF > 30,000
‘ 2,200 < WSEL£2,205

>15,000 WSEL > 2,205

The analysis considered the thirty year period used in energy simulation
analysis and floods with given return periods up to 1:100 years. The
latter assumed peaks and hydrograph shapes derived by R&M Coasultants for
the August-October period.

Historical Spills

The energy simiiation model showed that four years in iheﬂthirty year
period had spillage. Obviously, use of the monthly flow model will not
indicate the true day to day operation of powerhouse and spillway. Daily
discharges were determined from streamflow records at Gold Creek prorated
to Watana to give an indication of the daily flows. Table 1 shows the
discharges for days in which all three discharge facilities operated.

The historical period indicates that a total of 15 days in the 30 year
period had spills from the auxiliary spillway. This represent§”everage§
o frequency of operation cf one day every two years. Assuming auxiliary
spillway, service spillway, and powerhouse discharges have saturation
leset of 140%, 100%, and 100%, respectively. The maximum saturation
obtained was 118%. Fourteen of the fifteen days had saturation levels
below 116%. The mean saturation level for the fifteen days was 110%.

The above historical analysis has assumed no initial storage of discharges
exceeding 30,000 cfs or Timited auxiliary spillway discharge to 15,000
dur1ng the first five feet of surcharge. If some initial storage was
assumed, saturat1on Tevels would be reduced and would have notﬁexceeded




114%. However, an increase in the number of days that the auxiliary
spillway operated would occur.

Flood Shi]1s

Floods with given return periods have been analyzed as above and show
similar results. For these flows a discharge 1imit for the auxiliary
spillway of 15,000 cfs has been assumed for water surface elevations
less than 2,205 ft.

The 1:100 year flood would result in nitrogen supersaturation for 14 days.
Smaller floods show a reduction in the number of days of supersaturated
conditions. However, the maximum remains at 113%. The 2 year fiood results
in no elevated saturation levels. The results of this analysis are given

in Table 2.

Deviil Canyon

The nitrogen supersaturation problem downstream nf Devil Canyon is potentially
more severe thar at Watana. By proper design of spillway facilities that

do not cause plunging conditions, the supersaturation of flows can be
maintained within acceptable Timits. Analysis of spill occurrences and
nitrogen levels have not been carried out, but a qualitive assessment of

the discharge facilities concludes that with the inclusion of Howell-Bunger
valves into a service spiilway facility, the nitrogen saturation levels
downstream should be acceﬂtab]e,

Other Considerations

A further consideration is the dissipation of supersaturated conditions
under turbulent flow in the river reach downstream of Devil Canyon. This
reach would provide some reduction of saturated conditions, however, no
quantifiable rates of dissipation could be estimated due to inadequate
data on the reach and on typical dissipation raves. Obviously, further
analysis would be beneficial, but qualitively, the conclusion would be
that saturation Tevels would be significantly reduced by the time the flow
reaches Talkeetna.




. N cliluhian
Nitrogen saturation levels are also riduced due to the diluatien of Devil

Canyon réleases by tributary flows. This is also significant and would
further reduce the problem.

Summary

This paper 1is intended for discussion and to aid in determining the extent
of the nitrogen supersaturation levels that can be expected from the
proposed spillway facilities. Obviously, changes in spiliway design will
effect any conclusions drawn here so a reassessment of this feature is
required for final design.

The main conclusions from this assessment are:

1. The saturation level downstream of Watana due to spills resu]ting'
from a 1:100 year flood are acceptable given the proposed operation.

The saturation level downstream of Devil Canyon are also accepiable
for the 1:100 year flood occurrence and the proposed spillwvay facility.

Saturation levels will significantly dissipate downstream due to
turbulence and diluation effects.

Discussion and comments are requested on the above analysis.

&uﬂd Gaa\s.Czol

DC:ccv | D. Crawford

Distribution:

T. Lavender G. Krishnan
J.W. Hayden | R.K. Ibbotson
J.D. Lawrence

K.R. Young




TABLE 1

Residual Nitrogen Supersaturation Levels
and Duration:Historical Analysis

Year’of

Occurrence Powerhouse

1955 12,000
12,000
12,000
12,000

. 1959 12,000
( 12,000
12,000

1960 12,000

1957 12,000

. 12,000
& - 12,000
12.000

12,000

12,000

12,000

NOTES:

* Probable use of storage.

Discharge (cfs)

Service

18,000
18,000
18,000
18,000

18,000
18,000
18,000

18,000

18,000
18,000
18,000
18,000
18,000
18,000
18,000

Auxiliary

18,000%
15, 600*
12,600
5,300

8,700
1,100
2,800

3,700

3,800
18,400*
23,900*
12,500

8,400

7,800

1,300

Saturation.

Percent

1.15
1.14
1.12
1.06

1.09
1.01
1.03
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Discharge would be Timited to 15,000 cfs.
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TABLE 2

Residual Nitrogen Superscizuration Levels
and Duration - Flood Frejuency Analysis

Auxiliary Discharge cfsl/
Return Period

1:50 . 1:10
Flow N2 % Flow

it ——— Amr————— & P ——

670 - 1.01 4,200 1.05
3,800 1.04 . 12,200 1.12

N, %

15,000  1.13 11,900 i.11
" " 5,800  1.06
3,100 1.04

NOTES:

Yy Powerhouse and service flows assumed 12,000 and 18,000 cfs, respectively.
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OFFICE MEMORANDUM
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tnclosed is -a copy of the final draft of the report on Gas Concentration
and Temperature of Spill Discharges Below Watana and Devil Canyon Dams.

Please note that no gruphics efforts have been spent on getting the
Figures in the Acres standard format. This has been postponed until aftcr
your review of the material and advice on the inclusion of any field
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G. Krishnan
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: . GAS CONCENTRATION AND TEMPERATURE OF
§§$ ; SPILL DISCHARGES BELOW

WATANA AND DEVIL CANYON DAMS

1_- INTRODUCTION

> X Supersaturation of atmospheric gases (especially nitrogen) in hatchery and
aquarium facilities was first noced in the 1900's (1) and was ascribed as
causing the condition in fish known as gas bubble disease. Supersaturation
caused by entrainment of air in waters spilled over dams on the Columbia
River was recognized as a problem for anadromous fisheries in the river in
1965. A comprehensive study (2) of dissolved gas levels in the Columbia River
showed that waters plunging below spillways was the main cause of super-
saturation in the river waters. Several later studies have confirmed the
harmful effects of nitrogen supersaturation to fisheries. The tolerence of
fish to levels of nitrogen supersaturation depends on the time of exposure,
age, and species of the fish; dissolved. nitrogen levels referenced to surface

€%§ pressure above 110 percent are generally considered harmful (3). The state

, | of Alaska water quality criterion is set of 117% for total gas saturation in

.8 its waters.

~With this background, the potential problem of supersaturation of spill waters
from the proposed Watana and Devil Canyon developments on the Susitna River
was recognized early during the feasibility studies. Alternative spiliway
facilities were studied to minimize such a potential problem, and a scheme
conprising fixed cone valves and overflow spiliway was selected for each

p development based on detailed discussions with environmental study groups.

R P ATt s s IR BT T gy

This report describes the selected spiliway schemes briefly and presents the
analyses and field investiguations carried out to assess the performance of
the proposed schemes with respect to gas supersaturation in spill waters.

A related concern on temperature of spill waters is also discussed.
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. A summary of the studies undertaken and the important conclusions are
i . . .
g@# presented in Section 2. A short description of the proposed schemes is given
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in Section 3. Section 4 details the engineering analyses carried out. Results
of these analyses, field investigations, and their interpretation are preseﬁtéd
in Section 5. The next section presents the major conc]usions‘drawn from

these studies. Appendix A comprises the field study report and Appendix B

deals with the temperature of spill waters, its impacts downstream, and possible
reservoir operation scenarios to minimize such impacts. '
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2 - SUMMARY

Relatively 1ittle information is available in the literature on the.performance
of fixed-cone valves to reduce gas supersaturation in theii discharges. Published
studies (4) on the aeration efficiency of Howell Bunger valves (the more '
commonly known type of fixed-cone valves) were reviewed, and a theoretical
assessment of the pertermance of the proposed valve laynits was made based on

the physical and geometric characteristics of diffused jets discharging freely
into the atmosphere. Results of a companion study on assessment of scour hole
develeopment below high-head sp111ways (5) were used to estimate the potential
plunging of the valve d1scharges into tailwater pools at the proposed develop-
ments, and the resulting supersaturation in the releases was calculated.

Specific field tests were conducted at the Lake Comanche Dam on the Mokelumne
River in California (6) to study jet characteristics and the efficiency of the
existing Howell Bunger valves in reducing supersaturation level in the reser-
voir releases. |

The analyses indicate that no serious supersaturation of nitrcyen is likely

to occur in the releases from the proposed Watana and Devil Canyon developments
for spills up to 1:50 year recurrence interval. Field test results tend to
confirm some of the assumptions made in the theorétiéa] analysis with respect
to jet shape, diffusion, and gas concentration i1n.the valve discharges.

Several assumpticns and approximations, albeit conservative, have been made in
the analyses which should be confirmed in later study phases, perhaps in a
physical model. For the purpose of feasinility studies, however, it is felt
that the analyses adequately support the proposed schemes for their intended

.
e g I G i St e g e

purpose.

A related question of the temperature of spill waters ana its effects on the

downstream water temperature has been analyzed and detailed in Appendix B. ;
Simulation studies of the two-reservoir operations indicate that continuous §
(24 hour) spills would occur in the month of August in 30 out of 32 years of §

simulation and in 18 out of 32 years in September for the Case "C" operation
which maintains a minimum instantaneous flow of 12,000 cfs in August at Gold
creek. This spill frequency is simulated for a system energy demand in “he
year 2010 (Bettelle forecast) and assumes that the entire demand is met by

< e
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Watana and Devil Canyon developments where possible. The spills will be
greater and more frequent in the years betwaen 2002 (Devil Canyon commissioning)
and 2010. When Watana alone is operational (between 1992 and 2002), less
Trequent spills are simulated to occur. Reservoir operation studies are
currently being refined to finalize acceptable downstream flows.

Temrerature of spill waters at Watana is expected to be close to that of
power flow, and hence, it is not expected to create temperature problems
downstream when Watana is operating alone (1993-2002) or when it spills into
Devil Canyon. At Devil Canyon, however, spill temperature is expected to be
close to 39°F compared to a power flow temperature of 48-49°F in August and
45°F in September. This is based on the conservative assumption that the
temperature of spill water does not increase significantly while in contact
with the atmosphere despite the highly diffused valve discharge. It is,
therefore, considered necessary to keep.the spill from Devil Canyon tc a minimum to
avoid unacceptably low downstream *temperatures. Tne analyses indicate that by
operating Devil Canyon to meet most or all of the base load demand and with
Watana generating essentially to meet peak demands and spilling continuously
when necessény, it would be possible t~ maintain downstream flow temperatures
below Devil Canyon ciose to that of power flow while reducing spill freqaéncy
considerably. »

During major floods (1:10 year or.ﬁarer), there will be significant spills
from Devil Canyon in addition to the power flow resulting in cold siugs of
water downstream for a few days. It will be necessary to establish criteria
for acceptability of lower temperatures for short durations in August and
September in consultation with fisheries study groups and concerned agencies.
Currently, downstream water temperatture analyses are being refined, and when
the results are available, the above spill temperatures and duration should

be reviewed to confirm downstream temperatures during normal power operation
as well as flood events. If the projected temperature regime downstream is
unacceptabie, alternative means to remedy the situation should be considered.
These may include provision of higher level intakes to several or all fixed-
cone valve discharges at Dwvil Canyon, multilevel power intake at Devil Canyon,
timited operation of main overflow spillway (for floods 1:50 year or more
frequent) to improve temperature without serious increase in nitrogen super-
saturation, etc.
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3 = SCOPE OF ANALYSES

The objective of the analyses presented in the following sections is to
provide an assessment of the performance of thé Tixed-cone valves in their
proposed ¢onfiguration with respect to their potential in reducing gas con-
centration in spill waters from the Watana and Devil Canyon developments. The
analysis is a theoretical study supplemented by available field information on
performance of these valves for aeration. Field measurements were conducted
on the Howell Bunger valves at the Lake Comanche dam on the Mokelumne River

in California. Results of the tests are interpreted to confirm some of the
study assumptions.

A related question of Temperature of spill waters is analyzed in Appendix B.
The data for the analyses“has been drawn from the Feasibility Report (7).
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4 - SCHEME DESCRIPTION

This section presents a short description of the selected spillway and outlet
facilities for the proposed Watana and Devil Canyon developments. '

4.1 - Scheme Description

Selection of the discharge capacity and the type of spillway and outlet
facilities has been based on project safety, environmental, and economic con-
siderations. At each development, a set of fixed-cone valves is provided in
the outlet works to discharge spills up to 1:50 year recurrence interval. The
main spillway comprises a gated control structure and a chute with a flip
bucket at its end. This facility has a capacity to discharge, in combination
- with the outlet works, the routed design flood which has a return period of
1:10,000 years. A fuse plug with an associated rock-cut channel is providad
to discharge flows above the design flood and up to the. estimated probable
maximum flood at the dam. Detailed descrintions of the facilities are pre-
@%, sented in the Feasibility Repart (7).

P
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The primary purpose of the outlet facility is to dfscharge the spiil waters
up to 1:50 vear recurrence in such a manner as to reduce potential super-

- saturation of the spill with otmospheric gases, particularly nitrogen. This
frequency was adopted after discussions with environmental study groups as an
acceptable level of protection of the downstream fisheries against the gas
bubble Aisease. A set of fixed-cone valves were selected to discharge the
spills in highly diffused jets to achieve significant energy dissipation
without provision of a stilling basin or a plunge pool where potentialiy large
supersaturation develops. The valves have been selected to be within current |
world experience with respect to their size and operating heads. At Watana, |
six 78 inch diameter valves are provided and are located about 125 ft above

B average tailwater leve: in the river. The design capacity of each valve is
| 6,000 cfs. At LCevil Canyon, seven fixed cone valves with a total design
capacity of 38,500 cfs are provided at two levels within the arch dam, four
. 102 inch valves at the high level some 170 ft above average tailwater level,
Qkﬁ and three 90 inch valves about 50 ft above average tailwater level. The Tower

oy




valves have a capacity of 5,100 cfs each and the higher ones 5,800 cfs each.
In sizing these valves, it has been assumed that the valve gate opening will
be restricted to 80% of full stroke to reduce vibration.
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5 - ENGINEERING ANALYSES

This section details the analyses carried out to estimate potential super-
saturation in the releases from the Watana and Devil Canyon developments
when the reservoirs spill.

5.1 - Available Data

Fixed cone valves have beer used in several water vresource projects for

water control, energy dissipation, and aeration of discharge waters, and data

on their performance for such operations is readily avajlable. However, no
precedence has been reported on the use of such valves for reducing or
eliminating gas supersaturation in spill waters. Manufacturer's catalog
information on Howell Bunger valves and Boving Sleeve type discharge |
regulators (both particular types of fixed cone valves) and the Tennessee
Valley Authority Study (4) on aeration efficiency of Howell Bunger valves form
the specific data available. Theoretical analyses are carried out based on
the geometric and physical characteristics of diffused jets discharging

freely into the atmosphere.

5.2 - Field Data Collection

A review of existing facilities where a potential for spiliing during the
spring of 1982 existed was made, and the Lake Comanche dam, on the Mokelumne
River in California, was selected as a feasible site for specific testing.

The Comanche Lake dam is of the rockfill type with outlet facilities fitted
with four Howell Bunger valves. These valves are located at the toe of the -
dam and spray the discharge into confined concrete conduits before releasing
the water to the stream.

Qutflow through the valves was around 4,000 cfs during the test on May 28,

1982. Water samples were collected at several depths in the reservoir near
the valves and at downstream locations and analyzed for nitrogen and oxygen
concentrations. Details of the test procedure and results are presented in
Appendix 1. | |




5.3 - Method of Analysis

() Flow from the fixed cone valves leaves the structure as a free-discharging
jet diffusing radially at the cone angle. The path of the jet depends on
the energy of flow available at the valve and the angle at which the jet
leaves the valve (assumed as 45°). Referring to Figure 5.1, the path of

- the trajectory is given by the following equation (8):

) .
y=x tanoe - X -~ (1)
k(4 Hy Cos? 8)

where:

8 = angle of the jet to the horizontal;

k = a factor to take account of loss of energy and velocity reduction
due to the effect of air resistance, internal turbulences, and
disintegration of the jet (assumed at 0.9);

Hn = net energy of the jet, ft.

The proposed valve operation restricts the opening of the valve gate to
80% of full stroke. This may be interpreted as equivalent to producing
an additional head Tloss in the system, thereby reducing the discharge
to 80% of the theoretical capacity. The general discharae equation for
the valve: |

QT = CA VZQ ﬁn ; ) (2)

may then be written as:

QD = (0.8 QT. = CA /29 (8)2 .hn : (2a)

= AV X BB Xh R (3)
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&x where:
QT = theoretical capacity of valve, cfs;
A = arca of valve, ft;
C = coefficient of‘discharge (v - 85 for fixed-cone valves);
h = net head upstream of valve, cfs;
QD = design capacity of valve, cfs.

Equation (1) may be rewritten now as:

2 .
y = x tan § = ——X | (4)
| k 4 x (0.64 x hy) x Cos? 8 L

Referring to Figure 5.1, the longitudinal throw of the jet is calculated
with 0=45° and -45° while its laterial throw calculated when 6=0°.

Vertical rise of the jet above the valve is calculated as a simple
projectile subject to gravity and neglecting air friction to yield a
y conservative va]ue. ’

(b) Potential Plunging Depth of Jet(s) Into Tai]wéter Pool

As part of the feasibility studies of the Watana and Devil Canyon develop-
ments, a study was made by Acres on the scour hole development helow

high head spiilways, and the results therefrom have been used to estimate
the potential plunging of the jets from the fixed cone valves into
-tailwater. Figure 5.2 presents a derinition sketch for the study

carried out for a typical flip bucket spillway configuration. It may

be readily observed that significant differences exist between a “solid",
jet leaving a flip bucket and the diffusaed discharge jet from the fixed-
cone valves in the availabie energy and its concentration in the jet

for scouring downstream or plunging into the tailwater pool. Equation

(5) was developed in the above mentioned studies to estimate scour

depth for a soiid jet:

v y = 0.2¢ 065 032 (5)




where:

y = estimated scour depth, ft;
q = unit discharge, cfs/ft;
H = net fall of the jet, ft.

This equation was modified to take account of the maximum dischafge
intensity, q* in cfs/ft? of the fixed cone valves assuming the long-
itudinal spread of the solid jet as equal to its flow depth at the toe
of the flip bucket (Figure 5.2). This assumpation is expecﬁed to yield
a conservative estimate of the scour depth for diffused jets. The fall
height H was taken as the drop of the diffused jet from the highest
point of its rise to the tailwater peol (Figure 5.1). With these
modifications, equations {6} and (7) were daveloped to estimate the
scour depth due to the valve discharges at Watana and Devil Canyon, ne-

spectively.
- 1 10.98 ,, 0.32
Ypg =424 (9% pg) T Hpe | (7)

W and DC represent Watana and Devil Canyon, respectively.

Scour depths, as calculated by equations (6) and (7), give an estimate

of the depth to which water may plunge should the jet fall into a

tailwater pool instead of on solid ground. The values Yy and Ypo are .
~calculated tur the highest intensity'qlw or qlDC when all the jets are
operating at each of the developments and taken as the plunge depth of

the jets. :

5.4 - Supersaturation of Spills

R e I R W o s e e e e e T,

(a) Gas Concentration in Valve Discharges

L Results of the Lake Comanche dam tests indicate that the Howell Bunger g
valves have been successful in preventing supersaturation of the spills §
)
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| and, to some extent, have reduced the gas concentration in the spill
§. waters.

The Tennessee Valley Authority studies which were conducted to assess
aeration efficiency o7 the Howell Bunger valves, suggest that the dis-
charge from the vaives are well aerated. The test results indicated
that small supersaturation (101-102%) of oxvgen may be found in the
spills but suggested that this may be due to calculation procedure used.
Th2 report concluded that since saturation concentrations were n¢t
measured in tha field, it is not certain whether supersaturation acually
occurred in the runoff downstream.

Based on the above test results, it has been conservatively assumed
that a 100% saturation level of atiospheric gas is 1ikely to exist in

the valve discharges at Watana and Devil Canyon.

(b) Supefsaturation Due to Plunging

‘\‘.tw\

Each component of gas in the atmosphere will dissolve in water independ-
ently of all other gases and, when at equilibrium (i.e. saturation
condition) with the air, the pressure of a specific dissolved gas is
equivalent to its partial pressure in the air. Approximating one
atmospheric prescure to 34 ft head of water, the above relationship
translates roughly to 3% saturation per foot of hydrostatic head. Thus,
it may be extended that fully saturated water mass when plunging into a
pool would develop a supersaturation of gas at the rate of 3% per foct of
plunge provided that adequate supply of air is entrained.

(c) Gas Concentration in Downstream Discharces

Average power flows at the two developments during spills have been
estimated in the reservoir simuiation studies. For the current analyses,
it is conservatively assumed that these powerhouse discharges will be
fully saturated. Estimates of final gas concentrations in the total
downstream discharges is calculated assuming the laws of dilution to

hold for mixing discharges at different gas concentrations.
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It is assumed that spills from Watana will get comp]ete]y'mixed in the
Devil Canyon storage during their passage through 26 miles of reservoir
and that no supersaturation wouid build up in the reservoir due to

Watana spills.
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6 - RESULTS

Table 6.1 presents the results of the analyses carried out to aséess the
performance of the fixed cone valves at the proposed Watana and Devil Canyon
developments in relation to the potential gas supersaturation of spill waters.
~ Figures 6.1 and 6.2 present the jet interference pattern and the areas of
impingement. ’

Estimated supersaturation in the spill discha. zes with a recurrence interval
of T 'n 50 years is 101% at Watana and 102% at Devil Canyon. For more
frequent spills, these concentrations are expected to be somewhat Tower due |
to lower intensity of spill discharge and corsequent lower plunge in the
tailwater pool. For spills of rarer frequency, the main chute spillway will
operate leading to potentially greater supersaturation in the downstream
discharges.

Results of spill temperature analysis is presented in Appendix B.




TABLE 6.1 - RESULTS OF ANALYSES

Description

1. Valve Parameters

Diameter of fixed cone valves-inches
Number of valves

Design capacity-cfs .
Elevation of valve centerline-ft
Elevation above average tailwater-ft
Net head (hn) at the valve-ft

Angle of valve discharge with
horizontal-degrees (assumed)

2. Jet Geometry

Longitudinal throw-near edge-ft

Longitudinal throw-far edge-ft

. . Lateral throw-ft

L Impingement area of single jet-ft?
Impingement area of all jets-ft2
Maximum fall of jet (4)-ft

3. Jet Characteristics

Average intensity of discharge of
single jet cfs/ft2

Maximum intensity (q®) when all jets
are operating cfs/ft?

Estimated plunge depth-ft

-Watana Valves

Upper Leve]

Devil Canyon Valves
Lower Level

78

4,000
1,560
105
508

45

91

676

351
145,200
221,300
359

4. Supersaturation Estimates (1:50 year flood)

Design valve discharge-cfs

Assumed simultaneous power flow-cfs
Total downstresm discharge-cfs
Assumed gas concentration in power

Maximum gas concentration in valve
Q%; discharge below dam-%

Maximum gas concentration in total
downstream discharge-% *

flow-percent and valve discharge at valve-%

24,000
7,000
31,000

100.0
100.9

100.7

102

5,800
1,050
170

365

45

130
450
378
112,250

353

0.052

4 x 052 + 3 x <061 = (.391

173,250

0.62 (H=353%)

38,500
3,500
42,000

100.0
101.9

101.7

90

3
5,100
930
50
450

45
46
564

228

275

0.061
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7 = CONCLUSIONS

1. The analyses described above indicate that the proposed fixed-cone valves
would adequately prevent serious gas supersaturation in spill waters up to
a recurrence interval of 1:50 years.

Several aséumptions have had to be made in the analyses with respect to
jet characteristics and its potential pidnge into tailwater pool. Field
test results available are only indicative of the valve performance. In
particular, the configuration of the proposed valves set high above the
tailwater pool and their free discharge with the atmoSphere aiffer signi-
ficantly from the Lake Comanche dam arrangement and the TVA test facility.

In view of the nature of analyses and lack of precedence for the proposed
valve arrangement, it is recommended that a physical model study be
carried out to confirm the performance of the valves.
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f'kitrogen gas in the deep water of a reservoir may be slightly supér«saturated due
to the hydvo-static pressure of the overlying water (Wetzel, 1975). Therefore
water flowing from a dam with a deep intake may contain z super-saturated concen-
tration of njtrogen. If this excess nitrogen gas is not rapidly released into the
atmosphere, it may cause nitrogen gas bubble disease in fish residing below the
dam outfall (Conroy and Hermamn, 1970). '

A -study was conducted at Lake Comanche Dam, Mokelumne River, California, to
determine the efficiency of the Howell-Bunger Valve in removing super~satutated

dissolved nitrogen (Nz) from the dam's tailwater.

The valves spray outfall water into concrete condults before releasing the water
to the stream. This was observed and photographed at Lake Comanche Dam on 28 May,
3081, at a flow of 4000 cfs into the Mokelumne River (see accompanying photos).

This creates a turbulent and aerated flow with the purpose of facilitating nitrogen

gas release to the atmosphere.

By sampling nitrogen. gas in the reservoir near the intake, and at several locations

below the outfall valves, the efficiency of the valve was obtained.

METHODS

In order to determine nitrogen gas concentrations at various depths ian the reser-
voir, water samples were collected in Lake Comsnche approximately 50 m from the
dam directly over the river channel on 28 Maé;1982. A Van Dorn Bottle was lowered
from a boat to colleét water samples at depths of 0, 10, 20, 30, and 38.4 m. As
reported by East Bay Municipal Utility District the dam intake was at a depth of
38.4 m (126 ft) at the time of the sampling. " '

Once taken aboard, each sample was poured with minimum turbulence into an airtight
bottle and capped in a maﬁner that left no air bubbles in the bottle. Bottlés'
were placed in a cooler for transportation to the lcb. Studies conducted by Steve
Wilhelms of the Hydraulic Laboratory, U.S. Army Waterway Experiment Station,
Vicksburg; Mississippi (personal communicationm) indicate that brief exposuvre of
deep water samples to atmospheric conditions has little effect on nitrogen gas

concentrations. However, he has found that periods of exposure to atmospheric
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éir\bubbles during transportation can cause significant changes in nitrogen gas

concentrations, hence the need for removing all air bubbles before transportation.
Excess water remaining in the Yan Dorn Bottles was measured for temperature. The

atmospheric pressure measursd on site at the time of sampling was 753 mm.

At the tailwater below the dam, water was collected by immersing the sample bottles

under the water and capping them in a manner that left no air bubbles in the bottles.
Samples were taken at the outfall, 160 m below the outfall, and Z00 m below the out— :
fall. Water temperatures wene taken at each of these locations, iBottles were placed :
in a cooler for tramsportatimy to the lab. At the time of sampling, the outfall flow“?

.

was 4,000 cfs. The atmospheric pressurs was 753 mm.

The water collected was analyzed for nitrogen gas (Né) and oxygen (C?) in a
California State Certified Water lab using a Carle Model 8700 Basic Gas Chromato-
gram with a thermal conductivity conduu:tor several hours after collsction.
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APPENDIX B

SPILLS AT WATANA AND DEVIL CANYON DEVELOPMENTS

B.T ~ OPERATION OF WATANA AND DEVIL CANYON
_COMBINED (Beyond Year 2002)

(a) Spill Quantities and Frequency

The monthly reservoir simulation stud;es calculate spill volumes as the
flow required to be discharged from the dam to satisfy downstream
requirements Tess the maximum turbine capacity, and does not restrict
the turbine flow in relation to the actual energy demand of the system.
Total energy production, as calculated, is the energy potential of the _
schemes. Usable erergy is then calculated as the potential or the
maximum energy demand, whichever is smaller. The turbine flows are not

;55 readjusted to the level of usable energy production. Tables B.1 to B.S

f 3 present selected results of the reservoir simulation studies which

indicate this.

Tables B.10 to B.12 are developed from the reservoir simulation studies
for adjusted turbine flows for two alternative generation patterns at
Watana and Devil Canyon for the months of August and September when
- spills are most 1ikely to occur. Alternative A assumes that whenever
the potential energy generation from Watana and Devil Canyon develop-
ments is greater than the usable energy level, each development will
share the usable energy generation in proportion to their average heads.
However, in the months when Watana outflow, as simulated, is not
sufficient to generate energy in proportion to its average head, Devil
Canyon will make up this difference. ' This operation is required in
such years when Devil Canyon is being drawn down to meet the minimum
downstream flow requirements (years 1, 2, for example). Alternative B
assumes that Devil Canyon would generate all the energy possible _
9 consistent with downstream flow requirements, and Watana would only é;
~ operate to make up the difference in years when energy potential is
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greater than usable. This assumes that all the energy from Devil Canyon is
useable as base Tvad on a daily basis. Battelle Toad forecast (1981)
tends to confirm this assumption for the year 2010. However; during earlier
years, such operation may not be fully possible.

It may be readily seen from Tables 2.10 to B.12 that frequency of
continuous spills (24 hours) from the reservoirs in the months uf August
and September is significantly greater than presented by the reservoir
simulation (Tables B.3 and B.6). '

The analyses summarized in Tables B.10 to B.12 indicate that Devil
Canyon would spill in 30 out of 32 years in August and 16 out of 32
years in September for the Case "C" operation which maintains a minimum
instantaneous flow of 12,000 cfs in August at Gold Creek. For down-
stream discharge reguirements greater than 12,000 cfs at Gold Creek, it
is estimated that the frequency of spills may not be increased signi-
ficantly. However, the volume of spills will be larger to make up for
increased flow requirement. The above spill frequency is simulated for
a system energy demand in the year 2010 (Battelle Forecast) and assumes
that the entire demand is met by Watana and Devil Canyon developments
where possible. The spills will be greater and more frequent in the
years between 2002 (Devil Canyon commissioning) and 2010.

It may pe seen that operation Alternative 2, which provides for matimum
possible energy generatfon from Devil Canyon while Watana is allowed to
spill, results in significantly reduced spill frequency from Devil
Canyon. This type of operation is expected to be advantageous with
regard to downstream water quality (see Section B.2)}.

Several intermediate distributions of generation between Watana and
Devil Canyon is also possible. A recommended operatior will be derived
after finalizing the downstream flow requirements and the refined
temperature modeling studies which are currently in progress.
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(b) Spill Quality

PR,

| (i) Spill Temperature

Figures B.1 and B.2 are extracts from the procject Feasibility

Report (7) and present simulated temperature profiles'in the Watana .

and Devil Canyon reservoirs for the months June to September. "

Refinement of reservoir tempefature modeling is currently in

progress, but the differences between the revised profiles are not

expected to be very significant from the ones presented here

for these months. Q

Temperature of spill waters at Watana is expected‘to‘be close to

that of power flow, and hence, it is not expected to create

temperature problems downstream when Watana is operating alone

(1993-2002) or when it spills into Devil Canyon. At Devil Canyon,

however, spill temperature is expected to be close to 39°F compared

| to a power flow temperature of 48-49°F in August and 45°F in

./}5 . | September. This is based on the conservative assumption that the
temperature of spill water does not increase significantly while

in contact with the atmosphere despite the highly diffused valve

discharge. It is, therefore, considered prudent to keep the spill

from Devil Canyon to a minimum to maintain as high a downstream

temperature as possible during spills. ‘

The operation Alternative 2 indicates that by operating Devil
Canyon to generate as much as possible during these months and -
with Watana generating essentially to meet peak demands and
spilling continuously when necessary, it would be possible to
maintain downstream flow temperatures below Devil Canyon close to
that of power flow. ‘

During major floods (1:10 year or rarer frequency), there will be
significant spills from Devil Canyon (see Tables B.10 and B.11)
in addition to the power flow resulting in cold siugs of water
5\ﬂw% downstream for a few to several days. It will be necessary to
establish criteria for acceptability of lower ftemperatures for
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_short durations in August and September in consultaticn with
- fisheries study groups and concerned Agencies. Currentiy, down-

stream water temperature analyses are being refined, and when the
results are available,. the above spill temperatures and duration
should be reviewed to confirm downstream temperatures during normal
power operation as well as flood events. If the projected
temperature regime downstream is unacceptable, alternative means
to remedy the sjtuation should be considered. These may include
provision of higher level intakes to several or all fixed-cone
value discharges at Devil Canyon, muitilevel power intake at Devil
Canyon, limited operation of main overflow spillway (For floods
1:50 year or mcre frequent) to improve downstream water temperature
without sericus increase in nitrogen supersaturation. etc.

Gas Supersaturation

It does not appear (from Table 6.1) that there would be significant
advantage in spilling from Watana as compared to spills from Devil
Canyon in terms of gas concentration.




B.2 - OPERATION OF WATANA‘ALONE (1993-2002)

Before Devil Canyon is commissioned, Watana would operate alone, and spills
required to maintain downstream flows will have to be made through the fixad-
cone valves. Reservair simulations indicate that, generally, spills would be
. of lower magnitude during this operation due to greater percentage of flow
being used to generate usable energy.

It is believed that the river reach of some 30 miles between Watana dam and
Devil Canyon would lessen the impact of spill temperature and gas concentration
below Devil Canyon and would pose less problems. if any, compared to the case
when Devil Canyon development is also commissfonedn '
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{ ENERGY FROHM RESERVDIR 1  (BUWHY
: ocT NOV LEC JEN FEE Hak AFF 6y JUN JUL AbG SEF AHN
}o32L.9 316,00 429.3  312,2  246.6 228,32 ABL.H 230.5  187.4  169.0  23%.7  165.0 2921,2
2 243.1 273.5  345.4  312,0 241,86 235.0 1R9.9  DA1.0  239.2  185.8 253.8  475.4 3790.8
( 3 297.2  358.7  441.9  3A29.3  D247,1  22B,5  JR6.7  274.3  ohé.2  014.8 O3RT¢ 415.5 3434.3
4 348.9 395,46 433.5  312.4  239,4  228.4  200.0 327.4  314.9  187.7 244.5  311,%  3544.8
5 282,55 337.3  429.8  322.4 245,99  226.5 1R4.B  D74.4  264.4  174.2  anp. s 300.8 3260.,9
¢ & 26B.4  354.2 443,77 333.6  254.0  227.8  193.3  232.8  276.4  252.2  017.5 1o 3686.7
7 277.9  336.8  424,3  312.3  244.3  277,4  185.4 292.2 377.8  335.6  498.% 503.1 4018.7
B 2821 362,7  449.7 333.0 258,46 227.3  195.7 DGA.3 APR.2  224.4  D4a5.9  5LAn.0 3708.9
4 ¥ 345.9  395.5  444.8  361.0 253.7 228,2 207.1 252.0 27R.1  199.7 249.9 208.5 3424.4
16 240.9  342.1  427.2  320.1  250,7 224,72  183.3  251.2  224.0 181.3  399.5 A75.4 3548.7

I 11 319.7 36C.3 448.4 334.0 257.0 22744 200.46 297 .4 1946.3 148014 23642 436.5 3511.9
12 350.8 348,31 449 .8 3nB.2 352.4 2277 244.5.  304,0 321.7 220,72 304.7 3846.9 3801.1
13 29940 3462,2 451.8 341.8 260.9 227.8 221.4 27344 378.9 384.5 694,22 4R6.0 4381.79
14 335.2 371.4 449.8 330.6 " 208.5 228,8 1872.3 331.3 304.9 336.0 371.8 411.8 4117.5

! 15 320.5 344.4 430.2 331346 245.2 228,10 18644 193.¢6 379.8 37947 354,64 285.9 3656342
15 303.7 34441 425.35 314.0 244,9 2291 199,1 26744 273.4 241.8 262,11 618.7 3745.9
17 321.9 334.0 A3G.4 421.4 251.,9 226.7 231.5 233.4 29742 169.1% 22146 213.1 3744.3

a i8 245.2 322.3 427.5 322.9 253.4 226.7 171.3 26%.7 341.9 ang.e 633.9 G701, 4 4035.7
19 274.7 34%.8 449.4 342.1 270.8 235.9 231.2 293.7 KHUZS| 271.1 ang,.e 209.1 JG3é.1
.\ 20 240.0 328.1 41345 304.9 239.4 228B.4 194.2 44,4 200,9 1G7.14 385.7 203.2 3121.9
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( 27 339.9 337.3 418.1 310.1 243,9 227.8 190.3 236.4 234644 185.3 290.4 200,464 3217.2
28 23B.4 267,95 328.2 308,2 259.1 232.0 208.1 242.2 322.3 26540 282.5 404.7 3415.4

( 29 314.4 37445 431.4% 349.,7 261.2 2246,5 224,0 R72.8 220,2 178.6%r 09,4 188.9 3302.,9
30 234.2 267.0 331.8 293.% 254.2 2356.1 205,.5 292.%9 I11.6 2B4.4 307.3 344.9 3370.0
31 3574 410,46 453,46 345.1 240,.1 227.8 219.6 20G.8 298.4 304.,0 396.4 419.0 i948,.4

( 32 356.8 414,86 437.5 324,46 2G1.4 228.3 198.4 209.9 212.4 271.4 754.0 ATB. 4 4169.3
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t ocT NOU LEC JaN FEE NAR aFR HAt AU JuL AUG SEP
1 4714.6 8793.5 11438.9 8528.1 7308.9 4464.1 7434.8 6&562.8 7436.2 B8363.4 10940.46 6149.8
2 4587.4 7447.9 8923.1 7913.3 &437.5 6628.5 5756.4 SGE1.7 H404,7 E£585.9 10B4G.0 11307.8
( 3 B203.4 9918,0 1i873.% 9080.5° 7596.4 £460.1 7410.6 BBA5.9 RC26.9 847G.5 10727.2 10293.7
4 10113.7 11010,3 11646.8 BH76.4 7398.8B 4461.6 7874.9 1043E.4 17704,7 8544.0 10597.0 B8149.3
5 6994.7 9300.3 11503.5 8B06.9 7587.9 4459.0 7470.7 9540.0 10980.6 8374,1 9971.,4 8219.9
C 6 7812.3 9885.8 119B4,4 9225.9 790B.4 64B3.4 7693.4 @&475.1 15334,2 9187,2 137432 13763.2.
) 7 7429.8 9187.6 11323,0 B49B.5 7546.3 6494.2 744%9.6 9466.8 13743.2 12225.1 13763.2 13763.0
8 B217.2 10152.8 12103,0 $140.0 BO042.1 &4500.R 7781,.6 746B82,3 12493,1 8379.6 10B49.2 137£3,2

C 9 10205.5 111B7.3 12378.0 10012.1 7B45.4 6470.1 B101.3 7211.8 10264.9 B4463.1 16679.B 5938.8

10 6630.1 7403.1 11487,3 €893.7 7832.3 4507,9 7530.0 9055.7 $627.9 7970.4 13763,2 13753.2
11 9042.6 10001,7 12127.9 9263.0 7993.4 6490.9 7888.2 8343.2 710H.8 B8339.3 10474.1 11848.1
( 12 10053.3 10241,8 12279.,2 10052.,6 B245.8 4444.7 94585 9217.%5 13427,7 8879.5 11064.4 10523,9
13 B8441.3 9923.1 12095.° 9372.8 B80ad.4 6486.4 BG02,7 4732.5 13763.2 11508.2 13753.2 13763,2
14 928%.4 16075.0 12012.4 9$072.7 B040.4 4A4%0.4 73I88,3 9925.7 12094.4 12483.3 13744.2 11777.2
( 15 B980.2 9444.4 11503.5 BGS4.7 7553.4 6457.7 74iB.é 7470.0 12132,46 117056.9 311145.8 BI45, L
16 B725.9 10024.1 11277.2 B502.1 7482.0 £442,4 7780.9 7053.5 1070R.2  93B0.0 10669.3 14743.2
17 9478.4 9286.8 11594.8 BAS55.5 7840.4 6517.8 B8338.B &457.9 13022.3  2256.2 10414.46 5694,3
t 18 &489.9 7809.7 11481.3 8934.7 7921.5 £516.2 7473.5 BIG2.0 12801.1 9962,0 13743.2 13763.2
19 7567.2 9582,5 12046.1 9426.0 8431.9 &784.5 RB44,1 8637.8 13763.2 9944.9 10920,5 5909.9,
20 4444.5 7253.0 10704.7 R243.4 7335.0 4455.0 7774.2 225.R 4YBR.B 9714.3[11404.6 &702.5!
s 21  6B49.0 7703.1 9237.6 B8258.5 &6757.9 7016,4 4021.F &407R.1  A351.3 B042.2 106732.8 SRu2.5
22 7175.2 798B.3 9409.3 B8312.1 4782.2 7033.4 4049.9 5751.2 4AB0.9 BL71.4 10405.9 5&94.0
23 4721.1 7565.7 9040,0 7932.2 4909.1 f467.6 BLIB.E 11597.B 13743.2 9360.4 1i384.1 10204.1
24 7620.5 9533.8 11503.4 8716.6 7781.2 4453.7 73532.5 S5913.4 10074.8 8901.8 1118H.1 &152.0
25 4631.1 7437.5 B5885,4 7R&B.1 46399.1 6401, 5472.9 &7B6.2 7U51,7 10230.4 11037.0 5620.1
26 6661.9 7506.3 9023.4 B024.3 4583.7 £B15.1 5866.1 4914,7 13152.2 10084.9 10941.4 12038.9 7
t 27 9985,2 9232.0 11124,3  B473.4 7529.4 6481.9 7643.8 7258.4 9404.1 BRY2.46 11497.7 4082.3
28 4736.0 7667.2 9133,1 BO0S4.9 6547.8 6712.1 S798.5 6294.2 13743.2 9117.% 11131.2 9519.0 ¢
29 9918.2 105H9.8 12240.5 9492.0 B8178.2 4529.,0 8408.2 4354.3 7451.0 B8639.0 10934.5 §973.4
( 30 6825.1 7615.8B 9004.2 7977.B 6503.4 6642.3 G707.7 S5464,0 97B7.5 10078.6 10446.7 F8IB.7
31 9849.8 11347.2 12142.4 §45B.7 B036.2 64B6.9 B464.7 6465.3 11379.9 11298,5 12347.7 12342.0
32 9870.4 11447.3 11670.4 BR&3.7 7742.2 6467.Y 7R12,6 4B0i.7 B205.8 10408.3 13763.2 13493.0

AVE 8077.1 91480,8 11070.6 B74%.1 7508.B 46865.2 74B0,3 7447.7 10L466.0 9454.,2 11544.8 964B.6
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ENERGY FROK RESERVOIR 2 (GUH:
oLT NOV oEec JaN FEFE HAR AFR HAY JUH JuL AUG SEF ANM

1 212.8 27¢6.1 321.7 276.6 216.5 209.7 230.5 210.2 233.4 246843 337.¢% 177.9 30256.5
2 12640 214.4 26441 237.7 176.7 202.9 170.9 175,92 260,7 274.7 336.9 344.3 2856,9
3 24841 311.3 385.1 293.9 2225 209,50 22%9.7 276,2 245.7 274.8 342.4 31R.0 3375.2
4 328.1 345,46 | 378.4 278.2 216.8 209.6 244.1 324.8 398.8 274.5 331.4 247.7 3527.46
5 A25.4 2%21.9 373.1 2835.5 222,32 209.0 231.6 305,& 344.7 24847 315.4 254.4 2327.8
& 253.4 310.3 388.7 299.2 232.3 210,33 238,35 207.4 349.5 29G.7 414,49 432.0 36463 .8
7 24745 287.8 367.3 2725.6 221.1 210.8 230.9 303.3 432.0 3965 446.4 432.0 3851.1
8 264.5 318.7 39246 297.1 235.6 210.8 240.4 2446.1 392.2 271.5 344.9 423.% 34640.5
? 331.0 351.2 401.5 324.,7 230.4 209.9 a61.1 231.0 322,2 272.5 3346.5 179.3 3441.4
10 208.8 235.9 372.8 2889 229.5 211.,1 233.4 2%0.1 3n2,2 2658.2 495G, 8 432.0 3508.1
11 293.3 313.9 393.4 300.4 234.2 210.5 244,5 247.3 223.1 387.4 328,86 343.5 3440.4
12 32641 321.3 398.3 326.4 241.46 215.6  293.2 29G.3 4231.5 288.0 355.2 330.0 3812.7
13 273.8 31145 392.3 30440 238.3 210.4 243.4 215.7 432,0 3733 44444 4%2.0 38%21.3
14 301.3 314.2 38%9. 4 294.,3 235.6 207%.2 229.0 318.0 379.6 404.9 446 .4 35947 3893.9
15 291.3 297.1 373.:1 277.5 221.3 20%9.4 230.0 239.5 371.4 3797 360.4 258.¢ 350%.3
14 283.0 314.6 345.8 275.8 219.2 209.0 241,2 225.%9 334.1 304.3 34245 427.4 3545.0
1?7 307.4 2921.5 37&.1 287.2 229.7 21144 258.5 206.9 40R,.8 265.4 327.8 170.4 3344.1
i8 207.3 243.6 372.4 28%9.8 232.1 2131.3 237.9 2464.3 401.8 223.4% 444.4 432.0 3442,2
1? 245. 4 300.8 390.7 303.8 247.0 220.1 274,232 2726.7 432.0 322,46 3446.5 178.9 2540.7
20 203.46 224.4 346.7 24840 214.% 209.4 241.0 199.4 213.1 304446 34R .3 178.6 2951.9
2% 203.8 221.8 274.8 245.7 1B81.4 208,18 173.4 igo.8 182.9 239.9 317.6 167.4 2598.7
bL 213.95 230.0 280.0 247:3 182.3 3093 174.8 171.1 192.4 255.0 309.4 164.0 25629,2
23 20C,0 217.8 274.4 249,22 200,5 216.3 267.2 371.0 43.0 336 364.64 314.9 3414.2
24 247.2 2929.2 373.1 282.7 228,0 209.3 233.8 189.4 3162 283.3 341.0 17743 3180.2
25 197.3 214,2 2465.9 237.8 176.7  293.3 269.1 214.5 247:1 320.8 331.2 141.8 2729486
34 198.2 214.1- 248.5 a38.7 1786.9 2003%,8 1689 152.8 412.9 327.1 348.4 370.9 3083.,2
27 323.9 289.8 3460.8 274.8 220,46 210.2 2346.9 232,05 301.5 2R3 0 356,55 175.1 325%9.7
28 200.4 220.8 271.7 240.7 17%2.6 206.1 173.6 199.6  A32.0, 295.8 365.2 294.,0 3068.8
29 321.7 33244 397.0 3t4.4 239, 4 211.8 2466.8 203.9 233.9 2746.0 334.8 172.0 3304,3
30 203.1 219.3 2879 237.5 174.8 201.9 168.4 - 171,92 . 364.8 32649 344,7 307.9 2933,.1
31 319,55 3546.8 394.5 306.8 235.4 210.4 26244 213.5 357.2 364,35 400.5 387.4 3811.0
32 320.2 355.3 378.5 287.3 224.8 209.8 42,2 217.9 A57. 6 34441 446.4 42344 3713.8
AVE 254.9% 283.0 353.2 279.7 2148.9 209.7 229.7 237.5 330.1 303.5 364.9 2969 3361.9
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TOTAL EHERGY FROLUCER (GUWH)
ocT HOV LEC Jrl FEB hAR fiFR HAY JUN JuL HuUG SEF ANN
1 439.7 594.0 BO0.% SBB.8  A57.0 43B.0 414.4 A40.7  420.9  437,3  S5fig.1  363.0 5947.8
A 439,1 4BB.G  &11.6 S549.7  418.3 437.8  340.4  457.0  499.9 455.6 590.7  A39.7 6147,6
"3 543.3 670.0 827.0 623,22 449.7 438.0 414.4 500.5 S501.9 48945 SRG. & 72%9.5 4809,5
4 477.0 741.2 811.9 590.5 454.3 438.0 444.1% &L2.2 713.7 442.2 8575.4 G09.5 7122.4
S 507.9 629.2 802.% 607.8 446840 438.0 4146.4 580.2 0991 437.% 544.1 SG0.3 4hieg.8
& 521.8 §864.9 B32.,4 £32.8 484.3 438.1 431.8 440.,2 a25.9 547.%9 ©44.0 ¥44.8 7530.5
7 535.4 624.6 291,46 587.9 A485.4 438.0 4146.4 Giy5i.4 BOY .9 733.2 ?44.9 935,2 7B87.7
8 S54B.46 6B1.4 842,3 630.3 494.2 438.1 4345,.3 500.4 220.3 4979 590.8 94690 7349.3
4 624.9 745.4 B48.,3 4685.7 484,2 438.,1 458,72 483.0 4600.3 472,2 G86.5 387.8 6867.8
10 16%.7 §78.0 799.8 616.46 4B80.,1 438.0 418.8 541.2 0524.2 439.5 845.4 902.4 7054.8
11 4132.0 74,2 841.8 $34.4 491.1 438.13 445.1 H64.48 A19.4 435,7 544.8 R30.0 69252.3
12 6726, 6897 B84B.,1 684.4 504.0 443.3 537,7 401.3 743.2 508.2 6G%9.9 71649 7613.7
13 572.8 6723.7 844.1% 645.8 497.2 438,2 485.0 48%.3 R10.9 757.8 1140.6 91B.2 B8873,2
i4 636.5 687.6 8394 $24,9 494.0 438.1 415.4 84%7.3 684,46 740,9 1018.2 781.5 8011.4
19 411.8 641.4 803.3 591.1 4664 438,10 416.3 433.2 7%0,9 7594 718.0 545.5 7172.:8
14 584.8 680.8 7%1.3 589.8 464.1 44R. 0 440.3 493 .4 6096 S546.,0 404,686 104443 7290.9
17 &2%9.3 437.5 B806.4 &0B.A 481,46 438.,1 47G.0 440,3 706.0 434,4 359.4 383.4 6585.4
i8 452.4 565.9 799.8 612.7 4B5.5 43%R.1 425.,2 04,4 743.7 582.9 107%.% 93,4 7497.9
19 . S20.1 450.46 B40.3 447.9 S17.9 456.0 505.3 57¥0.4 791.1  593.7 575.4  408.0 7074.8
20 443.5 552.5 7466.2 L73.0 454,3 438,010 447.2 443.8 414.0 44146 713.% 381.8 4073.8
2 438,46 487 .4 0598.% S346.8 384.4 137, 2 ih9.8 338.9 299.7 424.6 414.4 - 329.8 5240,1
22 439,1 4BB.1 S99.Y  527.0 3B4.5 447,33  349.B ARA.7? 97,4  495.1 590.5  322.7 5277, 2+ Fraea
23 43%.8 48845 763.2 593.2 44941 44542 AH9.3 712.5 £10.7 OGR7.6 &99.8 734.4 7173.1
24 532,99  450.7 BO0S.3  403.0 480.3  4¥B.1  424.5  AB%.R  L78.8  449,6 U9%.1  385.9 6408.0
25 439.1  488.0 427.7  549.0  418.9 437,9 360,33  505.1  431.2 461.,0  443,9  312,1 5673.3
24 4392.0 48B.1 5996 $27.6 385.0 438.0 340.3 443.1 747.2 604.4 597 .9 854.3 44845
27 663.7 627.1 778.%9 5B84.9 444.5 4380 427.3 469.1 n3R.1 44848 641.0 375.7 64749
28 439.0 488.3 599.9 S548.9 438.4 438.1 379.1 441,77 809.3 G64.8 6377 4987 6484.,3
29 466.1 70B.9 B4B.1  $44:0 S00.B  438,2  4Y0,B  476.4 - 454.1  454.4  S44.4 - 360.5 4607.2
20 439.3 488.3 . 599.7 S31.4  4%1.0  438.0 373.9  464.8 618.,4  611,3  652,0 454.8 63031
31 476.% 7867 .4 848.1 651.9 495,55 438.2 4H82.0 46%.3 4458 67045 79647 B06.9 775%9.4
32 427.0 7241 Bib.0 612,13 478.2 438.1 440.4 477.4 470.0 615.2 120244 882.1 7883.,2
AVE  543.8 &1B.% 747.7  601,2 444.4 43R, P  429,5 [00,2  605,3 S5UR.,2  707.0  &52,3 6B868.9
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TOTAL USABLE ENERGY (GWH)
ocT NOW DEC JAN FFER - HAR AFR nyY JUN Jut AUG SEP
1 439.7 3%24.0 BG0.9 o8E.8 457.0 138,0 414.4 440.7 420.9 437.3 530,64 363.0
2 439.1 488,0 61146 549.7 418.3 437.8 340.4 457.0 499.9 4054 556.% 576.,0
3 963.3 670.0 827.0 $23.2 4697 438,90 A14.4 500.5 501.9 489.5 550,46 57640
4 677.0 741,2 811.9 5%0.5 456.3 43E.0 444,1 943.1 i32.8 442.2 S5C.4 509.5
S 507.9 629.2 802,97 407.8 468.0 4%8.0 416.4 543.1 532.% 439,9 S44.1 B55.3
é 521.8 444.5 B32.4 ¢32.8  4B6.3 438.1 431.8 440.2 H32.8 520.8 550.6 572640
7 525.4 624,95 791,46 aB7.9 2e5.4 43E.0 41644 nad.l w32.8 S20.8 . S5hL0.4 S726.0
8 248,46 48144 842.3 630,1 494,2 4%8 .1 436.3 500.4 G32.8 497 .9 830,46 S576.0
9 676.9. 746.6 B84B8.2 685.7 4R4.2 438.1 4hig,.2 483.0 $42.8 4722.2 55044 367.8
10 459.7 57840 799.8 61044 480.1 438.0 418.8 S541.2 2642 4498 ah0.6 5746.0
11 61340 674.2 BAL.B 843444 4%1.1 438.,1 445.1 543.1 119.4 435,7 550.6 574.0
i2 674.9 689.7 848.1 &B4. 6 504.0 443.3 837.2 543.1 932.8 508.2 S50.4 $74.0
13 S72.8 $73.7 B44.1 445.8 497.2 438,2 4R5.0 4689.3 a32.8 G208 55044 57440
14 634,95 6B7.6 83%2.4 624.%9 494.0 438.1 416.4 S943.1.  G32.B $20.8 850.46 574.0
%1 611.8 44144 803.3 S91.41 46444 448.,0 416.3 433.2 5323,8 220.8 99044 S45.59
16 586.8 680.8 791.3 Le9.8 444.1 438.0 440,3 49344 na2.8 5320.8 HHTRN 574.0
.17 429.3 627.3 B06. 6 608.4 481.46 438.1 470.0 440.3 532.8 434.4 95046 I03.4
18 452,46 965.9 799.8 612.7 485,95 438.1 429.,2 G43.1 §32.8 5320.8 a56.4 57640
19 520,.1 650.46 840.3 647.9 317.9 456.0 505.3 543.1 Ha2.8 520.8 $550.46 408,90
20 443.5 S552.9 769.2 523.0 454.3 438.,0 437.2 413,8 414,0 4418 250.4 3Bi.8
21 438,46 487 .4 598.5 526.8 384.4 437.2 3hi%.8 338.9 299.7 424.4 550.6 ax%.8
22 43941 4BE.1 G991 527.0 384.5 437,23 359.8 33647 297.4 4951 550.4 322.7.
23 43%9.6 48B.3 703.2 99342 4469.1 445,52 a89.1 543.1 a32.8 920.8 950.4 07640
24 S532.9 6507 B0S.3 603,0 480.3 438.1 424,95 439.8 532.8 1694 HHIFY 385.9
a5 439.1 40840 &27.2 549.0 418.9 437.9 340.3 50541 431.,2 441.0 85044 31241
24 439.0 448,.1 §599.6 S27.6 3A45.0 438.0 340,33 433.1 532,8 ' 520.8 550.6 578.0
2 64347 62741 778.% G84.9 464.5 4328,0 427.3 16941 532.8 448.5 950.4 3757
28 43%9.0 488.3 999.9 543.9 438.4 248,11 379.1 441.7 532.8 520.8 U50.4 S74.0
29 bbb 708.9 B4B.3 4864.0 500.8 438.2 490.8 47606 154.1 454,46 5144 360,55
30 439.3 488.3 999.7 S531.4 431.0 43840 373.9 454.8 232.8 920.8 550.4 376.0
a1 676.9 767 .4 848.1 451.9 495.5 43B.2 482.0 44943 §632.8 220.8 5G0.6 074.0
32 672.0 774.% B14.0 612.1 47842 4381 44044 4774 470.¢ 230.8 549044 376.0
AVE 543.8 “r 618.9 72677 01,2 464,64 438.% 429.5! 481.7 497.6 487.5 50,2 901.2
FORECAST DBEHAND EMNERGY (GWH)
ocT NOV DEC JON FEB HAR APR MAY JUN JuUL AUG SEP
$77.0 7774 B48.2 732.5 $862.2 TN | H532.8 520.8 550,46 57640

773.8

S7G.4

ANN

5947.,2
5843.8
662640
- 4807.3
44854
6428.0
6872.5
672844
6764.2
$428.5
4862.56
7094.9
6B26.0
6B60.41
6551.,3
64464.5
6403.3
6507.1
&AFT S
5910.5
517643

- 5237.34

&351.1
631345
EOR0.0
S5840.08
4381,2
5953.9
64607.2
5946.3
700%.4
4830.8

4382.9

7784.9
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