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T h i  CJ document present.s a s t a t e -o f - the -a r t  review of 1 I t e r a tu re  
concerni r ~ g  t u r b i  ne-rel a ted f i  5 h mortal i t y .  The review d i  scusses 
conventional and, t o  a l e s s e r  degree, pumped-storage ( revers ib le )  
hydroelectr ic  f a c i l i t i e s .  Much o f  the  research o n  conventional 
f a c i l i t i e s  discussed i n  t h i s  report. deals  w i t h  s tud ies  performed in 
the Pac i f ic  Northwest and covers both protot~ype and model s tud ies .  
Research conducted on Kapl an and Francis turbines  during the 1950s and 
1960s has been extensively reviewed and Is discussed. Very l i t t l e  
work on t i r rb i  ne-re1 ated f i s h  mortal i t y  has been undertaken with newer 
turbine designs developed for more modern small-scale hydropower 
f a c i l i t i e s ;  however, one stirdy on a bulb u n i t  (Kaplan runner) has 
recent ly  been released. I n  discussing turb ine- re la ted  f i s h  mortal i ty  
a t  pumped-storage f a c i l i t i e s ,  much of the l i t e r a t u r e  r e l a t e s  t o  t h e  
Ludington Pumped Storage Power Plant.  A 5  such, i t  i s  used as the 
pr.i ncipal fac i  1 i t y  i n  discussing research concerning pumped storage.  

v i  i 
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Ihe object ive o f  this  document i s  t o  present a s ta te -of - the-ar t  
review u i  turbirw-related mortal i ty  o f  f i shes .  Although f i s h  

m o r t a l  i t y  2 n hydraul i c  t u r % i  ne5 i 5 only one o f  the potent ia l  impacts 
~ ' C S U ~  t i n g  friirri hydropower development ( i d<  Idebrand 1979>,  i t  appears t o  

ail important one. The completion of large hydroelectr ic  and 
storage p ro jec t s ,  ds well as  renewed i n t e r e s t  i n  developing 
small-scale hydropower p ro jec t s ,  w i l l  r esu l t  in mare water flowing 
through t u r b i  nes. Turb  i ne-re I a ted impacts m y  be pa r t i cu la r ly  severe 
t o  juveni 1 e anadromous f i shes  which, d u r i  ng downstream migration, may 
encounter a se r ies  o f  hydroelectr ic  i n s t a l  lat ioris.  The extensive work 
c o n d ~ t e d  on the salmonid f i shes  o f  the  Pac i f ic  Northwest provides 
spec i f i c  ins ights  into t h i s  problem. 

This review considers f i s h  mortal i l y  resu l t ing  froiii turbines 
i n s t a l  l e d  i n  t)o th  conventional and nonconventional hydroelectr ic  
i n s t a l l a t i o n s  i n  North America, Conventional f a c i l i t i e s  include 
run-of - - r  iver and pondage operat ions,  whereas nonconventional p lan ts  
cons is t  o f  pumped-storage operations.  Although the 1 i t e r a t u r e  on 
tu rb i  ne-re1 ated f i sh mortal i ty has been reviewed (Lucas i962 Bel 1 e t  
a1 . 19157, and Bnfontreal Engineering Company, Ltd.  1980) pumped-storage 
operations were n o t  considered. Information on conventional 
i n s t a l l a t ibns  i s  p r i  a r i l y  from s t u d i e s  undertaken i n  the  Columbia 
River drainage basin by the Fisheries Research Engiiiec3ririg Program, 
1d.S Army Corps of Engineers, North Pac i f ic  Division and, t o  a l e s se r  

inves t iga t ions  conducted i n  western and eas te rn  Canada. 
Mortality data f r o  pumped-storage tur%i nes draw heavily f rom work 
done a t  Ludington, Michigan, the s i t e  o f  the  world's l a rges t  
pumped- s torage operdt i on .  

Ihe scope o f  this document nay be defined even fur ther .  In 
s tud ies  underbtaken a t  the conventional hydroelectr ic  i n s t a l l a t i o n s ,  
only mortal i ty  occurring 95 a result  o f  f i s h  passage f r o m  t h e  turbine 
intake t o  t h ~  d r a f t  tube e x i t  w i l l  be reviewed, For- n ~ ~ ~ ~ ~ n v ~ n t i o n ~ ~  
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hydroelectric facilities, investigations o f  mortality associated w i t h  
both the piimpiiig and ths g e n e r a t i n g  modes of opera . t i on  will he 

discussed. In e i t h e r  type of facility, mor ta l i t y  resulting froin 
mitigative r n e a ~ t l f e ~ ,  such as the instal 1 a t i o i l  o f  screens o r  passage 
facilities at the turbine intake, o r  f ro i l l  predation i n  the tailrace 
area are beyond the scape o f  t h i ' s  report ; ,  bu t  they a re  impor tan t  

considerations i n  t h e  overall evaluation o f  turbine-related fish 
mortality. 

A glossary o f  techitical t~?r'ms used frequently in this dociiment. is 
provided in Appendix A. Appendix R presents a lisl; o f  contacts 
identified w i t h  expertise in turbine-related mortality o f  fish. 
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2 e CONVENT 5 c) N A 1 HYDRO E I. E CI' K I I: TU RB I N E 1 N S T A L. L AT I 0 ttE S 

Most s t i i d i e s  on f i s h  inortali ty resu l t ing  from t u r b i n e  passage a re  
dssociaied w i t h  conventiona 1 hydroelectr ic  p l m t s .  B o t h  model and 
prwtotype i n v e s t i g a t i o n s  are reported i n  the  1 i t e r a tu re ,  Model 
s t u d i e s  reteu' t o  those conducted i n  d hydraul i c  laboratory on scale 
models o f  tuu%ir~es i n  use a t  d i f f e r e n t  locat ions.  Prototype s tudies  
a rc  actual f i e l d  inves t iga t ions  undertiiken a t  a spec i f i c  u n i t  or u n i t s  
within a powerhouse. The l a t t e r  Lype o f  study has been performed 
primarily at i n s t a l l a t i o n s  i n  t h e  Pac i f i c  Northwest; locations of 
these p l a t i t s  a r e  shown i n  Figure. 7. 

2.1 Baekgroun 

Water resources development i n  the Pac i f ic  Northwest has been and 
w i  1 1  probiably continue Lo be profoundly i nf l  uenced by commercial arid 
sport  f i sh ing  o f  anaclcomous species.  The e f f e c t  of hydraulic 
s t ructures  on migratory f i s h  has been the subject  o f  extensive study 
by the U w S .  Army Corps o f  Engineers, the arine Fisher ies  
Service, and the f ishery agencies i n  the  s t a t e s  o f  Oregon and 
Washington and the proui r ice o f  British Columbia. Invest igat ions o f  
tu rb ine- re la ted  morte~l i t y  were conducted priinari l y  i n  the  1950s and 
19605. ore cur ren t  research e f f o r t s  have concentrate 
(1) f i i t r o g e n  gas supersaturat ion problems, ( 2 )  development and 
refinement o f  f i s h  passage f a c i l i t i e s  a t  darns, and ( 3 )  t ransportat ion 

I n  s tud ies  conducted on the  e f f e c t s  o f  tu rb ines ,  juveni le  s tages  
o f  ~ ~ l r ~ ~ ~ ~ ~ ~  f i s h e s  were usarally used as t e s t  organisms because these 
vulnerable organisms encounter dams i n  t h e i r  downstream migration t o  
the!  ocean. Table B lists l i f e  his tory  information f o r  the f i ~ e  

specips o f  Pacific salmon, t h e  steelhead t r o u t ,  arid t h e  Atlantic, 

s f o r  dnwnstream migrants. 
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Figure 1. Hydroelectric installetiirns \ an  the Pacific Northwest at wh 
studies were con acted. Sgsrss~e: Redrawn from u.s, Army carps of 
Engineers, Map of Water and Land Resources for Calaambia-Ns9rth Pacific 



Table 1. Life hrs tory informatioo on anadromous f i s h  species  used in  turbine-related mor ta l i ty  inves t iga i ionsa  

Months/seasons i n  which 
t h e  following a c t i v i t i e s  occur Downstream migrants 

Egg Downstream 
Common name Scient ;  . f . i i  name Spawning incubation Rearing migration Compos i t i  o n Size 

Chinook salmo- Oncorhynchos Sept. t a  
Fa1 1 tshawytscha dan. 

Spring 

Summer 

Coho sa;.noi 

P i n k  salmon 

Chum salmon 

Late July 
t o  l a t e  
Sept. 

Sept. t o  
mid-Nov. 

L‘ncorhynchus kisutch Sept. t o  
March 

Oncorhynchus yorbusctia Late 
k q .  t o  
l a t e  
Sept. 

Oncornynchus Vi d- 
sep t .  t o  
ear ly  
Jdll. 

Aurj. t o  
Nov. 

Sockeye salmon Oncorhynchus nerka 

Steelhead t r o o t  ga i rdner i  i 
Summer, grnup A yai rdner i i  

Summer, group B 

Winter 

Feb. t o  
March 

Apri t o  
May 

Feb. t o  
May 

Sept. t o  
March 

Sept. t o  
March 

Nou. t o  
March 

Sent. t o  
April 

Late 
Auy. t o  
mid- 
Oct. 

Mid- 
Sep t .  t o  
ear ly  
March 

Temp.-de- 
pendent, 
83-i40 days ,  
fry emerge 
April t o  May 

March t u  April t o  

Apri 1 

1 year)  

fo!lowi!lg June 

(up t o  

March t o  5prii.g and 
following Summer o f  
Apr; 1 following 
!1 year  o r  year  
longer) 

March i o  March t o  
following June of  
March following 
(1 year o r  year  
longe:’) 

A p r i l  t o  March t o  
fc:li.winc .Idly of 
spring following 
(1 year or  year  
longer)  

Jan. t o  Dec. t o  
Cay May 

Dec. ti. Oec. t o  
May May 

1-3  years April  to 
June 

ieb .  i c  1-2 years  March t c  
ADri 1 ;-ne 

April t o  1-2 years  March L O  
May June 

Feb. t o  1-3 years  March t o  
July (avg. 2 J u i e  

years )  

Fry s t a r t  emerging ; n  March. f ry  
ran peakb in  Apr i l ,  but consider- 
ao1e cumbers migrate i n  May, 
lesser  numbers in June. May 
t e a r  t o  smolt and migrate the 
f o i  iowiny year .  

Maj/ migrace t o  sea d s  f?y,  but 
most spezd a year  i n  fresnwaier 
and mjgrate as smolts. Ma:n 
downstream movement occurs in  May 
for both s m o i t s  and f r y ,  b u t  f r y  
itdy be moved downstream tlirough- 
ou t  the summer. 

Migrate immed:ately aitet-  emer- 
gence. Peak of run occurs i n  
Pur: -:, 

Energenie and migration simi j a r  
l o  n - n k  salmon, except peak 
r 6 g r a t i o n  c.f f r y  i s  in Mdy. 

Do n o t  migrate u n t i l  a t  l e a s t  
year l ing smoits 

Do iiot m i g r a t e  m t i t  a t  l e a s t  
year l ing smoits 

Lertyth o f  a l  I 
chinook f inger -  
lings: 51-51 mm 

Length o f  spr4 ny 
chiwok year- . .  17ngs: 76-127 mm 

Lengt?, of  year-  

89-114 mm 

.. :1ng sn;olts: 

Length of m i -  

gra t :ng  f ry :  
25-26 :WI 

lengt:: o f  m7- 
grat ing t r y .  
38-51 mm 

Lewjrii o f  seiond- 
year smolts: 
89-12? mm 

Length of th i rd-  
year ~ : i io l t s :  
125-203 mm 
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salmon. The l a t t e r  anadromous spec ies ,  Atlant ic  salmon, i s  iniportant 
in the eas te rn  U n i  t.ed S ta tes  and Canada. Downstream m.igration i s  
i n i t i a t e d  as a response t o  changing environmental conditions such as  
increase i n  stream flow and r i s i n g  water teniperature (Bell 1973). 
Seaward migration generally beg-jns d u r i n g  the s p r i n g  m o n t h s ,  and, fo r  
some spec ies ,  i s  c lose ly  associated w i t h  t h e  time o f  peak r ive r  
discharge.  

The methods, r e s u l t s ,  and conclusions o f  b o t h  model arid prototype 
s tudies  a re  reviewed in Section 2-4 .  Key papers, such as those o f  the  
U. S. Army Corps o f  Engineers, bJal.la Wal l a  (Washington) D i s t r i c t ,  are  
emphasized. In the compendium on f i s h  passage LhrougCi turbines ,  Bel 1 
e t  a l .  (1967) indicated t h a t  experiments conducted with Francis and 
Kaplan runners should be analyzed separately.  T h i s  document follows 
t h a t  suggestion, presenting the  r e s u l t s  and cnncl usions o f  s tudies  
done w i t h  the d i f f e r e n t  runners i n  separate  sect ions.  In so  doing, 
however, t h e  work i s  n o t  necessar i ly  reviewed in a chronological 
sequence. Because the experimental design o f  key invest igat ions of ten 
depended on the r e s u l t s  of -  preceding experiments, a h i s to r i ca l  
overview i s  given in the next two paragraphs. 

Prototype s tudies  were i n i t i a t e d  a t  the @o.iumbia River 's  
Bonnevi 1 l e  Dam i n  1.939 shor t ly  a f t e r  i t s  construction (Holmes 1952, 
c i t e d  i n  Davidson 19b5). Although Rock Island was the f i r s t  power darn 
t o  be b u i l t  on the  mainstern Columbia, i t s  l imited powerhouse and 
upstream location (r iver-ki lometer  726) were n o t  considered 
s u f f i c i e n t l y  hazardous t o  require  study (Davidson 1965). Bonneville, 
however, located only 226 km f r o m  the  r i v e r ' s  m o u t h ,  posed a ser ious 
problem t o  anadromous f i s h  passage. After the experiments undertaken 
a t  Borinev i 1 1  e ,  other  prototype stirdies were conducted in  
(1) Washington (Hamilton an Andrew 1954~1, Schoeneman and Junge 1954),  
(2 )  Oregori (Schoeneman e t  a l .  1961, Oregon S ta te  Game Commission 
undated a and b ,  1960, and 1961) ,  ( 3 )  British Columbia (Hamilton and 
Andrew 1954b, c i t e d  i n  h c a s  1962; Department o f  Fisher ies ,  
Canada 1958; Andrew an Geen 19581, and ( -i time Provinces 

acEachern 1959, 1960; S m i t h  1960, 1961; Se 



117 1959, the U.S.  Army Corps of  tngineers ,  Walla !4alla D i s t r i c t ,  
began a seri'es of experiments t h a t  spanned ifle following 10 years .  
They were designed t o  detr rmi i - le  n o t  only t h e  e x t e n t  o f  f i s h  rnurtdlily 
from turbine passage, b u t  d1SO t h e  cause5 o f  l1lortdliii.y a n d  possiblp 
rnodifisatjoI2s i n  t u i b i n e  desiqtl a n d  operating conditions t h a t  would  

reduce mor td l  i t y .  I he f i r s t  group of  exper5rric,its w s  conduc, t ed  w i  t h  
b o t h  Francis a-d Kaplan iiiodel s (Crdiwr L963). /he next ~ x p n r i n e n t s  
s o u g h t  t o  r e l a t r  turbine design consideratioris t o  f i s h  mortdli ty a t  
the high-head Cushrnan No. 2 Hydroelel-tric Plant equipped with Francis 
ptwtotype5 (CramPr and i i l i g h e r  1960) .  Thcs? w r g  followed by 
additional model s tudies  o f  Francis runners (Crarner and Oligher 

1961a1, t he  r e su l t s  o f  &ich were f i e l d  tes ted  in  fur ther  work dune a t  
Cushman No 2 (Cramcr and Oligher 1 9 6 l b )  and with ttir Francis 
prototypes a t  the high-head Shasta HydroPIectrjc P l a n t  (U. S.  Army 

Corps o f  tngi neers The f u l l  owi ng s t u d i e s  

wern a1 50 p r o t o t y p e  ones b u t  W P ~ P  conducted 011 the  lovhcad  Kaplan 
r ~ r i l n e r  a t  Big  Cl i f f  Dam (Oliyher arid Uoiwldson 356b, U.S. Army Corps 
o f  Engineers, Walla M2?la D i s t r i c t  1979). The final experiments were 
done on t h e  Kaplan prototype a t  the  l o w h e a d  Foster Dam, which, on Lhe 
b a s i s  o f  previous experiment5 !$as designed fo r  rnaxjiiluin f i s h  survival 
during turbine passage CBcll 1573). 

Mal 1 a Na11 a C i  s t r i  c t  1963). 

Very l i t t l e  work  on f ish mortal:'ty in turbines has been conducted 
sincP 1369. 

A n  understanding o f  til\-bine function i s  r ss2ni ia l  f o r  ai? Jna lys i s  
o f  f i s h  passage t h rough  t u r b i  r ie~  ; iherpfur 'e ,  tur.bi ne types and 
operation a r e  bt-iefly discussed. llydraull i c  turbines  ;.,re c l a s s i f i e d  as 
( 6 )  impulse turbines o r  ( 2 )  reaction turbines .  The t ~ r ~ r i s  reactioii and 
impulse have hydraulic s i g n i f i c m t e  in d i f  ferentizting b e t r w n  tihe 
act ions o f  the  water. and t h s  'Iw turbinc t y p e s  and have ~ P C . Q D - C  firmly 
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AXlAL 
FLOW 

R U N N E R  

PROPEL. LE W 

we 2. Illustration 04 mixed- ow Francis runner and axial-flow psope8lea runp98~. 
Source: Montreal E ineering Conlpany, iwc. 1980. 
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,-c"* HEAD COVER 

STAY RING 

SPilRAL CASE 

WICKET GATE 

------.. THROAT RlNG 

KAPLAM OR 
PROPELLER 
RUNNER 

F ~ A N C ~ S  RUNNER 

DRAFT TUBE 

f typical Francis and Kaplan turbines. sours: Montreal Engineering 
~ o ~ p a n ~ ,  Inc. 1980. 
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-6 GUIDE VANES 

WICKET GATE 

Figure 3 (continued) 
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s t a y  ring with f i x e d  guide vanes, adjustable wicket g+t,es, arid draft 
tube. 

The reaction turbines o s  models o f  such t u r b i n e s  t h a t  serve as 
test systems f o r  fish mortality investigations have been predo  
older designs. More recently devel oped tklrbi ne-generator 
combinations, which are particularly ~ ; u i t a $ l e  for small-scale 
operations, have been reviewrd by Mayo (1979). Anrorvy tlw d~s-e’gns 

described are the b u l b  generator and the IUBE’ t u r b i n e  kanits, b o t  
which are  equipped w i t h  propel lev-kype ~ ~ i i i i i e r ~  and hori ~ o n t ~ i l  shaf t s .  
The unique feature o f  the bulb unit i s  t ha t  the generator i s  encased 
in a steel b u l b ,  which i s  located  PI the water passa 
upstream f rom the runner, The TU E turbirie has s E ~ s l , i ~ ~ ~ a r y  Wicket. 
gates o r  guide vanes, a tubcnlar sha f t ,  a runner wjth adjustable 
blades, and a generator completely remclved from t h e  water passayetmys. 

In the more traditional Francis and Kaplari desigras, water enters 
t h e  u n i t ’ s  intake and f l o w s  i n t o  the s p i r a l  (or  se~i-qpiral) case 
(Figure 4). In these passages, water velocit~ i s  r e l a t i v e l y  low, and 
pressure is s t rongly  p o s i t i v e .  Velocity,  accelerating through thr 
guide vanes and wicket gales ,  reaches a riiaximum when flowing through 

the runner and decelerates after passage throiigh the  r u n n e ~ .  Some o f  
the remaining pressure head also decreases as t h e  water moves througli 
the runner. The velocity head i s  converted t o  ressure in the draft 
tube, The tailwater submergence elevation influences the degree to 

which positive pressures rnay be restored in the  draft tube. 1 
turbine setting is the elevation o f  t h e  runner’s rmter l ine w i t h  
respect to the La i 1 water el evtllt i OH. When t h e  s e t t i  n q  corresponds t a  a 
negative vertical distance ( 1  unner center1 ine hel~iti the tailwater 
elevation), d r a f t  tube pressure will be positive. If the t u rb ine  
setting is above the tai lwater submergence elevation arid Operating 
conditions arp suboptimal, negative ressures may result i n  
cavitation. 

*TUBE turbine i s  Allis-Chalmers trademark. 



1 4  
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Figure 4. Cross-sections? visw of hydroelectric unit (Kaplass turbine) skoeving headwater 
and tailwater elevations. Sourcc- Redrawn from L a ~ g  and MarqaietPe 1957. 
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Cavitation rimy be explained a s  fO11ov/5. At .  l oca t ions  under t h e  

w i c k e t  gates, on the t h r o a t  ~ i i a g ,  o r  on tkie reinner b l a d e s  e x p e : * i e n ~ i n y  
sudden changes in  the r-.elat,ive veloci ty  o f  water ,  t.9-a~: flow p a t t e r n  may 
be s u f f i c i e n t l y  d i  srturbed t.u produce highly loca l  i I stiear.ing furccs 
i n  t he  water. In t h e s e  t - q i o n s ,  t h e  wat,er's scns i ty ,  o r  -the 
r e s i s t a n c e  tca s taear i~~g s t resses  , prduc.er; vnr.tice_s that .  have areas  of 
low pressure i n  t h e i r  c e n t e r s .  I f  the flow condi t . ions are 
part.icu1 a r l y  turbulent, the st,reiqth o f  t h e s e  v o r t i  c x s  wil l  increase 
t o  a p o i n t  where t h e  pwssa i re  i n s i d e  thm decreases t o  'che v.q~or 
pressure o f  water. Vapor-fil led cavi t ies  form; when t h e s e  c a v i t i e s  

enter  a zone o f  ki igher pressure: they v i o l e n t l y  col lapse o r  imp lode ,  
pr.caduc.i ng an i n t e n s e  pr.ec3s1.r~ tjave. Cavitat-a ' tsn prodt ims v i  

t h e  turbine w i t  and causes p i t t i n g  i n  -the metal sur . faces of t.he u n i t .  

Areas o f  t h e  riinriler s u b j e c t  .to cavi ta . t ion are  shmm in Figure 5,. 

The t e n d e n c ~  toward cavitation i 5 desci%ibed by the  Thma 
c r i t e r i o n  or t h e  cavit.at,'iCsn ournkier, (-I. Sigma i s  a pos i t ive ,  
dimension1 e 5 5  nuiaiber that, i s issed t u  d e f  i ne t he  requ i r e d  d e p t h  of  t h e  
turbine setting .in relatican t o  the plant." n e t  head. Th is  parameter. 
f a r  a particular-  h,ydrnelectric insti l l la-Lion ( " p l a n t "  sigma., o m y  be 
calculated by 

P. 

where 
t4 

H = turbine s e t t i n g ,  
H = ntzt head s t  the hydroelectric i n s t . a l l a t i o n .  

= barometric pressure m i n u s  the  vapor pressure o f  water i n  
A the  turb ine ,  
T 
P 

I f  t h e  t u rb ine  s e t t i n g  i s  deep, t h e n  s i y a  i s  higher,  at7d a lower 
poten t ia l  f o r  cavi ta t ion  e x i s t s  for a given runner design ( M o n t r m ?  

Engineering Company, Ltd. 1980). C r i t i c a l  sigma i s  t h e  value o f  sigma 
a t  which cavi ta t ion  a f f e c t s  t u r b i n e  perfurmance. 

When a turbine i s  running a t  m ~ ~ ~ ~ ~ . ~ r n  e f f i c i e n c y ,  the  guide vanes 
and wicket gates  a re  c lose ly  aligned, and ttw f low t k r o u  



Figure 5.  Runner of gsropelller-type turbine with circular arrows skowhg potential csvita- 
tioo areas. 
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i s  r e l a t i v e l y  smooth. The water leaving t he  tu rb ine  runner’ f l o w s  i n to  
the d r a f t  tube in a directioia nearly pa ra l l e l  t o  the shaf t .  A t  power 
loadings g rea t e r  ~ t ”  l e s s  than t hose  ex i s t ing  a t  maximum turbine 
e f f i c i e n c y ,  guide vanes and wicket gates do not form a continuum, and 
the resul ti ng angirl a r i  t y  i ncreases t u r b u l  ence. U u r i  ng turbine 
par t - load ,  water enter ing the d r a f t  tube tends t o  f l o w  i i j  the same 
,direct,l’s;n ds tha t  o f  the ro t a t ing  runner, whereas during fu l l - load ,  
the water forms a w h i r l  i n  the  opposite d i rec t ion  (Muir 1959). During 
these suboptimal operating condi t ions,  a vortex may form below the 
t-ui~ner cone i n  some cases (Figure 5 ) ,  and undesirable cavi ta t ion  
tendencies may be increased. 

There a r e  many f ac to r s  i n  an operating turbine t h a t  can in ju re  o r  
k i l l  f i s h  passing t h r o u g h  the un i t .  Of these f ac to r s ,  cav i ta t ion  i s  
believed to be the most serious (Bell e t  a l .  1967, Lucas 1962, M u i r  
1959).  Fcjrces strong enough t o  damage metal can certal’nly be le tha l  
t o  f i s h .  Oecapitation and the production o f  “ p u l p y “  t i s sues  and 
internal  hemorrhages a re  examples o f  the types of severe in ju r i e s  
at,tx.ibut.able t o  cav i t a t ion .  Pressure changes o f  a magnitude less than 
those producing cavi ta t ion  can a l so  be harmful t o  f i s h .  I n  addi t ion,  
shear. forces produced by r a p i d  changes in the  di rec t ion  of water 
f l o w i n g  through the u n i t  and contact  between f i s h  and the tu rb ine ’ s  
mechanical fea tures  (runner h u b ,  runner blades,  wicket ga t e s ,  e t c .  ) 

ay 3150 cause mortal i ty .  

2 . 3  Methods of  Estimating Fish Mortali ty 

2.3.1 Model 

During 1959 and 1960, model s tud ies  were conducted by the U.S. 
y Corps o f  Engineers, Walla Walla D i s t r i c t ,  a t  the  Allis-Chalmers 

tiydraul i c Laboratory i n ‘fork, Pennsyl uania (Cramer 1960 , Cramer and 
Bligher 191ila). Model turbines  were designed t o  be sca l e  versions o f  
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p r o t o l y p  u ~ i i t s  i n s t d l l e d l  i l l  v a r i o u s  p a r t s  o f  t h e  l l n i l ed  States.  

Noirsalnionid f i n g p r l  i ngs w~ i n t r  oduccd i n t o  t h e  model pens tock  v i a  a 

f i s h  l o c k  and b:rt-t" r ccnve rpd  i n  a n e t  at lar-hrd t o  t h e  d r a f t  tube 

o u l l e t .  L o n t r o l  f i s h  \+re sub j?c te t i  t o  t h e  same h a n d l i n g  c o n d i t i o n s ,  

b u t  w r ?  n o t  p1ac.e; i n  t h e  nodel  t u r b i n e s .  Bo th  t e s t  and con t ra1  f i s h  

were observsd fur 5 d d f t e r  t h e  t e s t s  i o  a s s r 5 5  delayed mortality. 

S u r v i v a l  W A S  L d l z u l a t e d  by tlrr r a t i o  o f  tire f r a c t i o n  o f  l i v e  f i s h  i n  

t h e  t e s t  group t o  ttlc f ract , ion of  l i v e  f i s k  i n  t i l e  c o n t r o l  group. 

MnrLdl i t y  was ca lcu la ted  by subt ieact  i fry Lhe fraction o f  t e s t  f i  sh 

s u r v i v a l  (corr?c!ed f o r  c o n t ~ 0 1  f i s h  su: v i v a 1  as desc r ibed  above) f rom 

1.00 111 these exper!'mcr:ts, d i  f f ~ r e n t  o p e r a t i n g  c o n d i t i o n s  

( v a r i a t i o n s  i n hygdr-aul i c  head ~ rutine;- speed, and t a i  I w a t e r  e l e v a t i o n ,  

o r  m o d i f i c a t i o n  o f  t h e  runners )  werc k s t d  t o  e l u c i d a t e  t h e i r  e f f p c t  

on t h e  m o r t a l i t y  O C  d i f f e r e n t  species o f  f i s h  i n  v a r y i n g  s i z e  classes .  
F i s h  k i l l e d  i i - i  t h e  expe.riineilis were ~ s a i  led by p a t h o l o g i s t s  t o  

d e t e r m i  tie t h e  probzt:3 e cause o f  m n i - t a l  i i y .  

2 . 3 . 2  - Prototyp . . . .. . .. . . 

Because o f  Lh r  number o f  p r o t o t y p e  i n v e s t i g a t i o n s  undertaken and 

t h e  e v o l u t i o n  o f  methods e f r e c t i ' v e  :or conduc t ing  these complex f i e l d  

o p e r a t i o i l s ,  o n l y  a ~ E ' I I C U  a1 d e s c r i p t i u n  o f  t h e  methods w i l l  be 

presented.  Mark, r e l e z s e ,  and r e c a g t u r e  met,liocls wcre u s 4  i n  which 

marked tebt f i s h  i;?rp g s u a l l y  int i*odi iced i n t o  t h e  t u r b i n e  i n t a k e  and 

r x o v e w d  a t  soil12 p i n t  a f t r r  p a s s a y  th rough  the t u r b i n e  Control 
f i s h  wcre re leased at  t i iu d r a f t  t l i i 9 ~  e x i t  i t i t o  t h e  t a i l r a c e  and 
recovered by s i m i l a r  means. Recs,ytut.e t i m e s  may ri;liage f rom immediate 

(downstrea51  fro^ darrrs w i t h  ne ts )  t o  l o i q  term ( r e t u r n i n g  a d u l t s )  
(01 son and Kaczyi lski 19817) 

S i r  t h e  ear ly .  s t u d i e s  ~ O I - I C  a t  B o n n e v i l l e  Dam (Holmes 1951,  c i t e d  

i n  Dav,idson 19653, mot- fa l iLy was es t ima ted  by csmp2ring the ra t io  o f  

i and r n n t r w l  f i s h .  WiLh t h i s  procedure: t h e  
sample s i L e  of  r - c t u c ~ i i n g  a d u l t s  i s  o f t a p  t o u  siiiml! t o  y i e l d  meaningful  
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resail t s  and stticlies must be csnducted f o r  several years t o  accumulate 
s i i i f f i c i e r i k  d a t a  f o r  estimating mor t a l i t i e s  (Schoeneman e t  a l .  1961.). 
Hami 1 t o n  arid ~~~~~~e~ (1954a) arid Schoenenaan and J u n y e  (1954) devel oped 
part.ial recovery enet.llods i n  which marked tes t .  arid c o n t r o l  f i s h  viere 
caught  i n  t h e  .tailrace o r  areas o f  the i - i v e r  ~QWI- IS~ IW~UI  from the 
powerhouse, Fyke n e t s  equipped w i t h  1 i v e  banxes were general iiy used 
f u r  t,iaese purposes (F igure  6 ) -  The turbirle i n t a k e  gatewells or 
t .urbi ne bypass  structures o f  downstream dams have a1 so been used t o  
i ~ c c ) v e r  t e s t  and c n n t r o l  f i s h  (Olson and Kaczyrlski 198 
recovery techniques permitted ai almost immediate assessment of 
resml t,s so t h a t  experimuntal procedures coarld be readi 'iy d u p l  i c a t e d  ai" 
niodif ied. Also, a much l a r g e r  sample was available f o r  s t - a t i s t i c a l  
analysis so tha t  narrower con-f i  ence in t e rva l  5 f u r  f i s h  mortal i t y  
c:o~iId Lrse calcii lated.  S u r v i v a l  estimates were then based on the  r a t i o  
o f  t h e  fraction o f  l i v e  t e s t  f i s h  (immediate and delayed) i n  the t o t a l  
rlllnlber of t,est f i s h  i..eco\lered t o  the f r ac t ion  o f  1 ive ce,ntrol f i s h  

(immediate ;pnd delayed) i n  the  t o t a l  nuab-,er o f  control  f i s h  recovered. 
Mor-La1 i t y  was ca lcu la txd  by snbtract 'ing the  f rac t ion  o f  correcte 
f i s h  su rv iva l  f r o  1 .00 .  Hamilton and Andrew (1954a) compared 
mortal i t,y ca! CUI a ted  from p a r t i  a1 recovery methods w i  t h  those based 
a d u l t  retiirns an found close agreement. These researchers further 
refiraed mor ta l i ty  e s t i m a t e s  from pa r t i a  recovery methods by pointing 

asit the  falseness o f  t h e  assumption t h a t  t h e  vecovery r a t e s  f o r  dead 
and live f i s h  were the same, Because l i v e  f i s h  would en ter  t h e  nets 
mope r m 3 d . i  l y  t,han dead one5 t h e  authors suggested t h a t  siidrkeel dead 
f i s h  be r e l e a s e d  w i t h  the l ive  ones i n  the penstack so t h a t  a true 
recovery rate o f  dead . f i s h  could be determined. T h i s  pr.oced1~f.e 
permi t?ted derivation o f  a Factor .for correctin t h e  disproport ionate  
a v a i l a b i l i t y  o f  l i v e  and dead f i s h  i n  t h e  catch.  

ethod t h a t  was used for p a r l i a l  l y  recoveri ny f i sti passed 
t,hrc,angh the t m b i  ne was the  gossamer ba and bal Ison technique ( U .  S .  

Army Gurps a f  Eragi iaeers P o r t ?  arid B i  s t r i c t  16360) F i  ngei.1 i ngs were 
placed i n s i d e  gossamer bag:$, which were at tached t o  ha1 loons.  After 
passage ~ , ~ ~ ~ , ~ ~ ~ ~ ~ ~  the tur -b ine  b l ades ,  the bal.loon i n f l a t e d  autuma-Lical l y  
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TAiLRACE SURVIVAL GEAR 

Figuae 6.  Ernmplss of partial sacoveiy wet systems used E63 tutbis-.e-selated mortality 
studies. Source: Hamilton and Andrew 2954a. 
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by ;means of  ge l a t in  capsules o f  calcium hydride t imers.  F i s h  were 
tiwri racovei-ed i n  the  t a i l r a c e  or a t  points  fu r the r  downstream. This 
iecbnl:qire was discontinued because . i t  was uncertain how the gossamer 
 bag^, may have he lped  or  hindered survival i n  the  turbine.  A somewhat 
s imi  1 a r  method described by Johnson (1970) i r iuol ved a t t a c h i  ng a 
f1 o a t -  t a g  assembly t o  the f i sh. T h i  s technique, however, was reported 
a f t e r  rnnst  o f  t h e  t u r b j  ne passage experiments had been completed. 

The use o f  fu l l  recovery nets or  nets  designed t o  s t r a i n  the 
w a t ~ r  f l o w i n g  .i;hrough a turbine u n i t  (Figure 7 )  was widely endorsed by 
the U.S. Army Corps o f  Engineers. Use o f  these net5 improijed the 
recovery of t e s t  and control f i s h  over pa r t i a l  recovery methods 
(Cramet- and Uonaldson 1964). T-hese nets were fastened t o  a r ig id  
s teel  frame placed f lush  against  the  d r a f t  tube opening (Figure 7 ) .  

A f t e r  development of e f f i c i e n t  and r e l i a b l e  recovery methods, 
differences i n  mortal i ty  with varied operating conditions could be 
ailr;essed. As i n  the  mudel s tud ies  (Sect. 2.3.1), f i s h  k i l l ed  i n  the  
experinwits were examined by pathnl ogi s ts .  

2 . 3 , 3  -.- Assessment o f  Study -. Type 

The model and prototype experiments a r e  both irnparlant i n  
~1 m i d c i t i n g  the extent  arid cause o f  t u r b  i ne mortal i ty.. I n i t i a l  
f indings i ri the model experiments could suggest operating conditions 
o r  ru~i ier  modifications t h a t  should be invest igated furthet- in f i e l d  
s t ud i  cs Recovery o f  t u r b i  ne-passed f i s h and complete control of 
expzrimental conditions were possible  i n  the model tu rb ine  u n i t s ,  
making coraclusions more d e f i n i t i v e  and the s t a t i s t i c a l  basis  of 
cimpariniy t e s t  s i t ua t ions  stronger.  However, i n  the  model 
exper*iments, i t  was impossible t o  sca le  down the s i zes  o f  t e s t  f i s h  so 
t h a t  t he  r a t i o  o f  f i s h  length t o  turbine dimensions was the  same as  
t k a t  i n  prototype turbine s tudies .  The f i s h  passing through the 
McBVary prototype would have had t o  be 1 . 2  m i n  length t o  compare 
exaxrimental conditions with those in the  McNary model (Cramer 1960). 



22 

TOP AND BOTTOM VIEWS 

A 

TYPICAL 1 N STALL AT16 N 

. . . . . . . . . . 

ure 7. Illustration sf a full recovery net sys tem e,o& in turbine-cdaied mariality 
steadies. Source: Crarner and Danaklso:: 1964. 
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This turbine size! f ac to r  may have s t rongly influenced the magnitude o f  

mechanical-type i n j u r i e s  observed i n  the  d i  f fe ren t  s tud ie s ,  A 1  though 
s i m i l a r i t i e s  were iroted i n  the: r e s u l t s  o f  model and prototype 
inves t iga t ions  i n i t i a l l y  conducted by the U, S. Army Corps o f  

Engineers, ldalla Walla D i s t r i c t  (Cramer and Oligher 1960) ,  Bell e t  a l .  
(1967) contended t h a t  predict ing prototype performance f ro i l l  l h e  model 
s t u d i e s  wd5 probably n o t  f eas ib l e .  

2.4 R e s u l t s  and Conclusions of Mortali ty Studies 

2.4.1 Model Studies  w i t h  Francis Runners 

Head, speed, and turbine setd' ing were v a r i e d  i n  the  f i r s t .  s e t  o f  
experiments conducted with the model Francis runiaers (Cra 
Gunten 1961). Resiil t s  indicated t h a t  

1. Mortali ty increased w i t h  higher head and higher speed. 
Mechanical-type i n j u r i e s  (abras ion,  contus ion ,  lacera- 
t i on )  increased w i t h  runner speed so t h a t ,  a t  
relatively h i g h  speeds, cor re la t ion  o f  pressure injury 
t o  turbine operating conditions was impossible. 

2. Mortali y increased ci5 d r a f t  tube pressures 
her turbine s e t t i n g s .  The in ju r i e s  in 

f i s h  t e s t ed  under t h e s e  conditions consisted o f  
in te rna l  hemorrhages, def la ted dir bladders,  protruding 
eyeball s ~ and hemorrhages v i  s i b 1  e i n  the pectoral  
g i r d l e  area.  

3.  Mortali ty estimates as  h igh  as  100% c o u l d  be produced 
by combining high runner speeds w i t h  low t a i lwa te r .  

Results o f  the second s e t  o f  experiments (Cramer and Oligher 
196 la ) ,  i n  which subs tan t ia l  modifications were made i n  the Franc is  

runner, demonstrated t haL  



24 

1. Small changes i n c r e a s i n g  t h e  c l e a r  opening between t h e  
edge o f  runner  b lades and t h e  w i c k e t  gates co l r ld  
decrease m o r t a l i t y .  

2. I o t a 1  m o r t a l i t y  inc reased as t h e  t a i l w a t e r  l e v e l  was 
dropped i n  success ive 5i;dr~es f rom above i o  be low t h e  
runner  c e n t e r l i n e ,  even t h o q h  t h e  p o i n t  o f  genera l  
c a v i t a t i o n  was n o t  reached. 

3. Many o f  t h e  i n t e r n a l  hemorrhages may b r  caused by 
e x t e r n a l  mechanical pressures o r  b r u i s e s  because 
i n j u r i e s  c h a r a c t e r i s t i c  o f  p ressure  chanyes occur red  
o n l y  when the  t u r b i n e  s e L t i n g  was r e l a t i v e l y  h igh .  

4. I n  computer a n a l y s i s  o f  t h ~  exper imenta l  r e s u l t s ,  
runner  speed appeared t o  be t h e  s i n g l e  most i n f l u e n t i a l  
v a r i a b l e  a f f e c t i n g  i i i o r - ta l i t y .  

On t h e  b a s i s  o f  these two s e t s  o f  exper iments,  t h e  researchers  

concluded t h a t  t h e  o p e r a t i n g  condi  t i o i i s  t h a t  p r o v i d e  f o r  maximuin 

s u r v i v a l  o f  f i s h  pass ing  th rough F ranc is  t u r b i n e s  were r e l a t i v e l y  low 

runner  speed, h i g h  t u r b i n e  e f f i c i e n c y  ( t h e  absence o f  p a r t - l o a d  o r  

f u l l - l o a d  c o n d i t i o n s ) ,  r e l a t i v e l y  deep t u r b i n e  set, t ing,  maximum 

c learances  between w i c k e t  gates and t h e  i n t a k e  edges o f  runner  b lades,  

maxiinurn c learances  between b lades ,  and t u r b i n e  o p e r a t i o n  a t  r e l a t i v e l y  

h i g h  sigma values (Cramer and O l i g h e r  1961a) .  
Al though d i f f e r e n t  spec ies o f  f i n g e r 1  i n g s  ( fa thead  minnow, 

largemouth bass, and banded k i l l i f i s h ) ,  rang ing  i n  s i z e  f rom 38 t o  

6 1  mm, were t e s t e d  i n  t h e  f i r s t  s e t  o f  exper iments,  no conc lus ions  

were drawn on t h e i r  d i f f e r e n t i a l  s u s c e p t i b i l i t y  t o  i n j u r y .  I n  t h e  

second s e t  o f  exper iments,  t h e  r e l a t i o n s h i p  between s i z e  and i i l o r i a l  i t y  

remained i n c o n c l u s i v e ,  p r i m a r i l y  because o f  hand l i ng  losses i n  t h e  

smal l -  and medium-size groups. 
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2.4.2 Model Stud ies  w i t h  Kapl an Runners _....._.._.. 1__1-.. ..-----__- -- ... .-. 

Model experiments c j i t h  Kaplan runners were n o t  nearly as  
c x t e i i s i v e  as those  w i t h  Franris r i i nnpr5 .  t-lowwer, i t  was s t i l l  
possible t o  reltmtr increased mortal i ty  t o  certain operating 
conda' 1. i o n 5  such a s  h i g h  runner' speed and h i g h  turbine s e t t  i rig (Cramer 
1360, Von Gunken 1961). 

2 .4 .3  P r o t o w e  Studies w i t h  ....... Francis __l.____l___ Runners _-_ _____ . . . . . . ._ 

Many prot.otype s tudies  have been performed w i t h  Francis runners, 
each study having i t s  own unique s e t  o f  experimental conditions.  Data 
generated from these s t u d i e s  are b r i e f l y  presented. Table 2 describes 
the  operating condi t ions,  o r  modifications o f  those cond. i t ion5,  t h a t  
e x i s t e d  d u r i n g  the experiment,s. Table 3 presents data the t e s t  

s p e c i e s  and t h e i r  respect ive s i z e s .  'The f i s h  mortality est imates  a re  
extremely var iab le ,  rang-ing f r o m  0% mortal i ty  calculated f o r  
invest igat ions a t  t h e  Lower Elwtia Dam (Schaeneman and Junge  1954) t o  
nearly 100% mow.t.ality i n  t he  s t u d i e s  done at; Crown Zellerback (Oregon 
S ta t e  Game Cornmi ss inn  1961.) I C1 e a r l y  + t he  results largely depend on 
t e s t i n g  conditions.  Because t h e  re la t ionship  between s t ruc tu ra l  or 
ope ra t i  onal aspec ts  o f  turbine function and .the resul tank. f i s h  
morta l i ty  were more c l e a r l y  del ineated i n  work done by the U.S.  Army 
Corps o f  Engineers, hlalla Walla D i s t r i c t ,  these s tud ies  a re  
emphasized. 

The f i r s t  Francis prototype studies under.t,aken by the  Wal l a  Wall a 
District Carps were conducted a t  Cushman No. 2 Hydroelect,ric Plant on 
t he  North F o r k  o f  the  Skokomish R i v e r  i n  Washington. The experimental 
design consisted o f  t e s t i n g  a s e r i e s  o f  high, medium, and l o w  
t a i lwa te r  e levat ions a t  ' fo i i r  spec i f i c  gate  openings (power loadings) 
(Cramer and O l i  her 1960, Yon Gunten 1961).  Results o f  these t e s t s  
indicated t h a t  for power. heads up t o  143 rn: 
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T a b l e  3 ( c o n t i n u e d )  

N o r  t a l  i ~y ASe dnd s i z e  
~~~ 

w Comne 11 t s 
Aqe C:a; i  Average l e n g t >  Ranc;e i n  - .  - I s h  

s p e c i e s  ti',tl-'d o f  : ;sh o f  f i s h  :mrii) l e n g t h  :mm) 
H y d r o e l e c t r i c  
j n s t a  I l a t i  o n  

Crown Z e : l e r b a c a .  u n i t  n o s .  20 and 2 1  H a t c h e r y  Year1  i ng;., 127 
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13GC a n d  1 9 6 1  
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Source .  Hcapzed from Lucas  ( 1 9 6 2 )  
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1. TiirPirw charac te r i s t ics  influenced f i s h  mcrvtality 

2.  Mortality associated w i t h  mechanical e f f e c t s  was 
Crli t-ectly re?  at& t o  the  phy; j cal features  o f  t u ~ h  i ne 
d e s i g n  such as blade c lear  oper i ing and rarnaier speed. 

I n  these experiments, three d i f f e t -e i - r t  s i z e  c la s ses  o f  f i s h  were 

eval uatod (Tahl e 3 )  _I A 1  tho~i;jJi comparison o f  the  r f f e c t , s  o f  d-i f f e r e r t  
opr.r.at.iana1 m o d i f i c a t i o n s  ( t a i  lwater leve ls  arid wicket, ga te  openings) 
o n  t h e  b a s i s  o f  s i z e  c l a s s e s  was n o t  possible ,  some? t'iTl-idS were 
observed. The larger f i s h  such a5 c,t.eelhead (rang-e'i-rg frsm 6 3  t o  1.52 
mrn i n  l e n g t h ]  suffered somewhat grea te r  mor ta l i ty .  No species o r  s i z e  
c lass  sliuwecl a s i g n i f i c a i s t  d i f f e r e n c e  in  the type. of in jur ies  
incurred d u r i n g  turbine passage. 

~n ~.GI., a d d i t i o n a l  t e s t s  were  ui-idertakrn a t  ~us~-tman NO. 2 t o  
confirm t h e  f i n d i n g s  o f  the previous .t.ests, t.o iwest;igate problerias 
associat .ed w i t h  the s i z e  o f  clear  openings within t h e  t,u.i.bine u i i i t .  
more thoroughly,  and t o  provide more information on the s i g n i f i c a n c x  

o f  power loadings asid operating e f f i c i e n c i e s  t.0 est . in l i i tes  o f  mort"a1ity 
(Cramer and 01 igher 1961b9,  The r e s u l t s  o f  these experiments ( T a b l e s  

2 and 3 )  confirmed many o f  the  earlier findings and led t o  f u r t h e r  

understanding o f  the  e f f e c t .  o f  wicket.  gat'e/blade and b l a d d b l a d e  c l e a r  
openiirys can f i s h  s u r v i v a l "  Because t w o  d i s t i n c t  s i z e  classes n f  f i s h  
were used i n  t h e s e  experiments (Table 3 ) ,  i t  was possible  t o  coraclude 
t h a t  blade c lear  openings become a more i m p o r t a n t  factor i i ?  f i s h  
surv iva l  a5 f i s h  s i z e  increases.  'The c l e a r  o p e n i n  s hetween the  
t r a i l i n g  edge o f  t h e  wicket. gates and the i n t a k e  edge o f  the runner 

blades appeared t o  be beyond t h e  c r i t i c a l  c l e a r  openings f o r  a 76--mm 
f i s h ,  b u t  n o t  f o r  a 152-rnm f i s h .  These researchers a l so  cancluded 
that,, i f  blade c l e a r  openings were adequate f o r  f i s h  passage, tmrb ine 
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e f f i c i e n c y  a lone f o r  a g i v e n  mean d r a f t  tube p ressu re  may he an 

accu ra te  b a s i s  f o r  e v a l u a t i n g  s u r v i v a l  i n  t u r b i n e s  o f  s i m i l a r  designs 

and performance c h a r a c t e r i s t i c s .  S t a t i s t i c a l  analyses o f  t h e  d a l d  

generated i n  t h i s  expei imerrt i n d i c a t e d  t l l a t  t h e  i n t e r r e l d i i o n s h i p  o f  

f l o w  c o n d i t i o n s  r a u s i n g  i n e f f i c i e n t  t i i r h i n p  o p e r a t j o i i  arid inadequate 

c l e a r  openings g r e a t l y  i n f l u e n c e 5  m o r t a l  i ty.  

F u r t h e r  s t u d i e s  o f  F r a n c i s  p r o t o t y p e s  were conducted i n  1 9 6 1  a t  

t h e  Shasta  Dam I l y d r o e l e c t r i c  Plan? ( U . S .  Army Corps of  Engineers,  

h h l l a  !4alla D i s t r j c i  1953) .  The S h a s b  p l c l n t  was chosen bpci iuse i t s  

runner  had g r e a t e r  c l e a r  o p ~ n i n g s  i ir twen h l a d e s  and operated a t  a 
lower speed than  t h a t  o f  t h e  Cu5hiiidn No. 2 u n i t s .  I n  these 

i n v e s t i g a t i o n s ,  t a j 1 w a t ~ r  l e v e l s  were h e l d  consicll:t, and f i v e  

d i f f e r e n t  w i c k e t  gat+ openings (and thus the ;  r corresponding 

e f f i c i e n c i e s )  were t e s t e d  (Table 2 ) .  As i n  t h e  second group o f  

exper iments at, t h e  Cushrnan No. 2 p l a n t ,  d i f f e r e n t  s i z e  c lasses o f  f i s h  

were t e s t e d  (Table 3) .  These exper iments showed t l r c a i  g r e a t e r  b lade 

c l e a r  openings, slower speed, and a l e s s e r  degree o f  neqa t i ve  

press i i res i n  the hydraul  i c passageways produced 1 ower mot t a l  ; t i c s  than  

those r e p o r t e d  f o r  t h e  Cushiiian No. 2 p l a n t .  Ihe average m o r t a l i t y  o f  
ch inook salmon j u v e n i l e s  (small-size f i s h )  was ?l 5%,  t h a t  o f  

s tee lhead (niediurn-size f i s h )  was 31.0%, and t h a t  o f  ra inbow t r o u t  

( l a r g e - s i z e  f i s h )  was 33.4%, s u g g ~ s t i n g  t i l a i  t h e  s m a l l e r - s i s e d  f i s h  

may have h i g h e r  s u r v i v a l  d u r i n g  t u r b i n e  p a s s a y  

- 

The t h r e e  sp t s  o f  exper iments conducted by t h e  U . S .  Corps o f  

Engineers:  Wal l a  \la1 l a  D i s t r i c t ,  con f i rmed  what mode? exper iments hdd 

suyqested (U. S .  Army Corps o f  Engineers,  Wal la  Wall=, D i s t r i c t  1953). 
l u r b i n e  c h a r a c t e r i s t i c s ,  p a r t i c  u l a r l y  those a5sociamtttd w i t h  p a r t  l o a d  
o r  o t h e r  o p e r a t i n g  c o n d i t i o n s  i n  which low e f f i c i e n c i e s  were 
exper ienced, were o f  major s i g n i f i c a n c e  t o  mortal i i y .  S u r v i v a l  iinder 
t h e  most  e f f i c i e n t  o p e r a t i n g  c o n d i t i o n s  was h i g h  enough t o  o f f e r  

encouragement t h a t ,  t h rough  p roper  p r e c a u t i o n a r y  nicasures i n  t u r b i n e  

des ign  and o p e r a t i o n ,  successful f i s h  p a s s a p  Lhrouyh h igh-  head 
t u r b i n e s  can be acl i ieved. 
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A 1  though the previous discussion addresses the extent  o f  

mortalit,y t o  d i f f e r e n t  t e s t  organisms under d i f f e r e n t  operat-ing 
condi t ions,  i t  does not ~ C K ~ J S  o n  t h e  types o f  injury.  Mechanical 
t.yper; o f  injuries were t h e  predominant ones encourrteu.ed i n  the three 
y'c)iips of experiments conducted on the high-head Francis  prototypes" 
They cons t i tu ted  '76.8% o f  t h e  i n j u r i e s  incurred by -fish t e s t ed  a t  the 

Shas ta  plant  ( U . S .  Army Corps o f  Engineers, Walla Walla District 

1363). The percentages o f  dead f i s h  recovered w i t h  d i f f e r e n t  types of 
pressure and mechanical i n j u r i e s  are  summarized in  Table 4. 
Contusions and lacera t ions  appeared t o  be r e l a t ive ly  common types o f  

-F njtlry suffered by these experimental g t - ~ u p ~ .  Other researchers who 
conducted prototype stuc1-i e:i on Francis ruriiiers noted high percentages 
of eye damage (Schoeneman and Jurrye: 1954, Andrew and Geen 1958). T h i s  
t,yye of  injury may r e s u l t  from both mechanical (shearing forces)  and 
pressure ( rapid decrease i n  pressure) e f f e c t s .  When accompanied w i t h  
abras ions  o r  l ace ra t ions ,  eye damage was usually considered t o  be a 

mec han i c a 1 i n j i i  ry .. 
The extent  and magnitude s f  pressure e f f e c t s  a r e  more d i f f i c u l t  

t o  assess. It, i s  gerwrally agreed t h a t  h i g h  s t a t i c  heads a re  n o t  
E i a r m f u l  t o  juveni le  sa lmon ids .  Although laboratory invest igat ions 
have experimented w i t h  rap id  pressure changes ( C 1  ausen 1934, Brawn 
2962, Muir 1959, and Tsvetkov e t  a l .  19711, there  i s  s t i l l  
disagreement a s  t o  the e f f e c t s  of instantaneous exposure t o  pressure 
wa-ves, s11cI-1 a5 those occurring across the runner and upon enter ing t h e  
draf t ,  tube. S a l  onid f i shes  have open swim bladders .and may be able 
t o  re lease  o r  take i n  a i r  t o  accomaiadat,e pressure changes. O n  the  
b a s i s  s f  a ser=ies o f  laboratory ex e r imen ts ,  Muir (1959) contended 
t h a t ,  i n  Francis and propel le r  turbines  a t  low t o  interniediate heads, 
s i g n i f i c a n t  arrow%imlity was n ~ t  l i ke ly  t o  r e s u l t  from the exposure o f  
salmon f.irigFjrl ings  t o  a p a r t i a l  vacuum i f  unaccompanied by cavi ta t ion .  
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Ian prototypes a r e  S l i  

‘lablles 5 and 6 .  O f  these,  t he  O H  dry and B i g  C l i f f  

s are  c i t e d  as key exa p les .  .Today, the work o f  Schoeneman e t  a1 
(1Snbl) . is  s t i l l  considered t a  be on;? o f  the best, e s t i m a t e s  o f  f i s h  

mortal i t y  ~esu lLa’ng  f ~ o m  passage through a p ?  an t i i r b i  lies a In t h e i  li- 
invest. igat: isns o f  rnox~ta l i t y  a t  these two f a c i l i t i e s ,  these researchers 

fourad no s j g n - i f i c a n t  d i f f e r e n c e s  between f i s h  mortality a t  B ig  C l i f f  
and McMalry cdhen turbines were operated a t  power loadings (75 and 80% 
wicket ga te  opening) t h a t  s1 ight‘ly exceeded -the maximuiii e f f i c i e n c y  

1 oadi ng. When the data  were combi tied, mortal i t y  f r‘om t u r b  i ne passage 

was es t ima ted  a t  11% w i t h  a 95% con f idence  i r i d e w a l  o f  9 t o  13%- A t  
R i g  C l i f f ,  experimentatlsn with a 469% wicket ga te  opening ( a  powex- 

l o a d i n g  considerably less  thari  he maximum e f f i c i e n c y  l o a d i n g )  u s i n g  

f i n g e r l i n g  c h i i ~ ~ o k  salmon yielde 
con f idence  1 iml’t o f  17 t o  24%. Compared w i t h  results oiatained duriili 
turbine o p e r a t i o n  a t  higher power l o a d i n g s ,  t h i s  d i f f e r e n c e  i s  

sa’gnif.ir:ars l... Schvenernan el; a1 a (1961) suggested t h a t  t h e  d- i . f ference 

ripay have a r i s e n  as a r e s u l t  o f  increased c a v i t a t i o n ,  which usually 

acccsnipanies part-load ctsndi.t;ions (Sect.  2.2).  The authGrs po in ted  out 
t h a t  a w i c k x t  gate  s e t t i n g  o f  40% would’ be u n l i k e l y  d u r i n g  t h e  main 

partion o f  downstrearri sa’Bit~(j~~ migration because e f  the l a rge  volume o f  
water a v a i l a b l e  f o r  generat in  

a t e  o f  21% morta l i ty ,  w i t  

o r k  i n i t i a t e d  a t  B i g  C l i f f  i n  1957 was cont ini ied i n  1964 and 
1966 (Uligher. and Dona1 son 1.966) and i n  1967 (U.S. Army Corps o f  
Emgi n e e r ~  , Wall a Wall a 13-i s t r i c t  1.979) ~ primari l y  t o  p r a v i  

atisan on Kaplan runners s i m i l a r  t o  t h a t  generated for t he  
protot.ype Franc is  u n i t s ,  Th is  was deenned pa r t i cu la r ly  v a l u a b l e  i n  

view o f  t h e  f a c t  that. t h e  low-head da s on t h e  Columbia and Snake 
R i  v e r g  ce,nt.ai ned, or- were p r o j e c t e d  t o  c o n t a i n  on ly  Map1 an runners, 
T e s t  conditions i n  thc 1964 exper iments consist,ed o f  va ry ing  w i c k e t  

gate openings so t h a t  power loadings would range from below the  
cav i ta t i c l n  p o i n t  do fzi l l - load f o r  each o f  t h r e e  d i f f e r e s s t  Ry 



Tab:, 5. Summary o f  p r o t o z y p e  i n v e s t i g a t i o n s  07 : u r b i n e - r e l a t e d  f ; sh  m o r t a l ;  t y  
condoc ted  a t  h y d r o e l e c t r i c  i n s i z l  l a t i o n s  equ ipped  w i t h  Kaplan rL inne rs  
wner.t. exUer imenta1 m o d i f i c a t l o n z  i n  o p e r a t i n g  cond l  t i o n s  were enip:oyed. 

H y c r o e : e c t r i c  
i n s t a l  I a t i o n  

P o s i t i o n  
P l a n t  Sigma o f  Tunner 

C lea rance  i n  r e l a t i o n  Mortal i t y  
Numaer o f  between LO t a71 -  Wicke t  

r u n n e r  r u n n e r  w d t ? ?  e:e- Q a t e  
Rated 
q o r n a l  Runner Min. 
neac; ( m )  speed ( rpm) A c t u a i  recom 'd .  3 :ades b lades  (cm) v a t l o n  ( m )  opening % Comments 

3onnev i l : e  Uam, u n s p e c i f i e d  u n i t s  18 75 0 . 6 4  0 . 5 3  5 
Columbia R!veF ( e s t i -  
Oregon ma tea )  
1939-i948 
(iio'mes 1952, c i t e o  i n  Lucas 
1962)  

Mcfiary Dam, u n i t s  nos.  2 and 4 24 86 
Co:umbia ? i v e r  
Oregon 
lY55-1956 
LSchoenemai e t  a i .  1061) 

3 i g  C l i f f  Dam, one u n i t  27 164 
N o r t h  San l i am R i v e r  
Oregon 
1957 
(Schoeneman e: a1 195:) 

8 i g  C L f f  Dam, one uni :  E x p e r i -  
menta; 26 1964 a:id 1956 

(0: kgner and D o n a l d s m  -936) 

3 . 7 3  0 . 5 3  6 

0 47 0 40 6 

- 7 . 6  t o  
-9.1 

a .  75 
0 .80  

1 1 . 5  Based on 
adu l  t 
r ' e tu  ,.n5 

ti 
13 

-1 5 0.40 2: 

0 .80  11 

9.330 LO 2 
0 . 3 7 5  13 1 
0.465 8 9 
0 . 5 9 1  5.0 
J.632 8 . 7  
J.745 ..'J.2 

0 425 ii 5 
0 535 14 7 
9.640 i ?  ? 

i o n ? , d e n c e  
i n t e r v a l  o f  
1 7  t o  24%; 
cosb i  ned 
f i n g e r l  i nq 
and y e a r :  "6; 
r e s u l t s  

W 
07 

Fxpe- - 
w n r a  2 2  



Table 5 {continue.) 

Posi:;sn 
UT runner Pianr  Styrva 

Clearance i n  re lat ion Mar ta ;  i t y  
Hatec hutnber o f  betseen tc. t a i l -  W i c k e t  
noi’mal Rucner Min. runner runner water eie- 5ate 
head (m) speed (rpm) A c t u a l  recom’c. blades blades (cm) vation ( m j  opening X Cominents 

Hydroel eci.ri c 
ins ta l ia t loq  

3 i g  C l i f f  Dam, one unit Exper!- 
1567 menta: 28 
; i i . S .  Army Corps  c.i tngirleers 
1972)  

Experi- 
mental 27 

Exper i -  
mentd l  25 

Walterville Plant, mspecified txperi- 
u n i t ,  lnchenrie River  a i r ~ t i l  17 
i.*eyr.n 
i958 
(Oreyon S t d t e  iane Cammiss-,on 
x ida ted  s )  

Tobique Narrows. wi t  no. 1 
T3biq:L‘ River 23 
New Brunswick  
1959 
(MacEac:;er:i 1959) 

.rcbique kacwwi, u n i t s  nos .  1 and 2 
19t0 
(MacEachern i 4 6 C )  

Tui ie i .  rails, un i t s  nos. 1, 2 ,  6 
and 3 
Tusket Kivdr 
Ncva Sco t ia  
1960 
(Sei:tn 1960) 

i u s i e t  Fal:s, u n i t s  nos .  1, 2, 
and 3 
1961) 
( S m i t h  1961) 

225 D 72 0.57 5 Open-76 

3.350 8 .7 -17 . i  Rdnge i nd . -  
ii.59Y 9.0-:1.:3 c i r tes  i : i b t  
0.835 8.3-1E.9 t e s t  i i s h  

0.410 3 . 6 - 4 . 0  c c m b j x d  

0.626 5 . 7  
0.896 1 3 . 3  

:.eai;lts a r e  

0.590 6.4-15.0 

0.385 
3.448 
9.642 
C. 1332 
e .  92i. 

F. 455 
C. 625 
0. G i 3  

0.  440 
0.680 
0.963 

3 . 6 :  

14.4-lb.3 
6 2-13.8 
i . 4 - i .  5 
14.6-15 .5  
12 0-23 .1  

iO.O-::.L 
14.3-17.6 
7.9-1?. 4 

12.0-:2.1 
3.3 
3.2 

2 . 5  Conf  iderice 
i n t e r i * a l  
o r  0 . 6  i o  L . 4  

i I’tc-cval ;f 
4 . E  t c  10 2% 

0. !7 7 . 5  C o c t  :&!ice 

16-24 Hange in -  
d i c a t e  Cfiai 
tpit ? l s n  ,-e- 
s ~ : t s  are  
c uab i i i e i  ; 
-e f ayed 
,mi r ta i i t y  
i nc 1 udeC 

16.5- 52.9 Rail ye i n- 

r e s t  f i s 9  
Y s u l r s  a:e 
cmbi l ied: 
dpl  ayes 
mol-rai i z j  

inzluded 

variable 0.75-11.80 50.3 i n c i d e s  

225 0.92 c .  7U 4 Open-51; C 1 . 5  t o  0 .75 
close~-15 +2.1 d . c a t e s  t h a t  

delayed 
iaorta! i t y  

Source: Adapted from iucds (L962) 
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heads (22, 25, arid 28 i n > .  The experiments conducted a t  Big C l i f f  i n  
1966; and 1967 had bas ica l ly  t h e  same type o f  experimental design, 
except t h a t  in  1967 t e s t s  were conducted a t  two addi t ional  hydraulic 
heads (Table 5 ) ,  and b o t h  chinook and steelhead were used as t e s t  
organisms (Table 6 ) .  

I n  the  Big C l i f f  experi ents ,  the r e s u l t s  showed the same general 
pa t te rn  as  i n  the  t e s t s  conducted w i t h  the  Pvancis tu rb ines ;  t ha t  i s ,  
maximum survival occurred in the range of highest  operating 
e f f ic iency .  T h i s  pa t te rn  i s  i l l u s t r a t e d  in r igure 8,  which :;bows t h e  

combined r e s u l t s  of the 1964 and 1966 t e s t s  conducted w i t h  a head of 
22 m. In these results, mortal i ty  as  low as 5% was observed a t  the 
g rea t e s t  operating e f f ic iency  (01 igher and Donaldson 1966). 

Results of the Big C l i f f  experiments were used as the basis  f o r  
designing a Kdplan u n i t  For Foster Dam on the South Santiam River. 
T h i s  u n i t  was modified t o  provide fo r  the maximum survival of f i sh .  
However, r e s u l t s  of experirnents conducted thPre i n  1969 indicated t h a t  
f i s h  mortal i ty  d i d  n o t  d i f f e r  s ign i f i can t ly  from t h a t  o f  an unmodified 
u n i t  operating a t  maximum ef f ic iency  (Raymond 01 igher, U. S. Army Corps 
s f  kngineers, Walla Walla D i s t r i c t ,  personal communication). 
According t o  Bell (19791, det ,ails  o f  the  Foster Dam experiments and 
more information on the 1967 B i g  Cl i f f  study wil l  be included i n  
Bpll’s revised compendium on f i s h  passage th rough  turbines .  This 
document is. as  o f  y e t  unpublished (Ed Mains, U.S, Army Corps of 
Engineers, North Pac i f ic  Division, personal communication). 

One species ,  the chinook salmon, was used almost exclusively 
throughout the Big C l i f f  invest igat ions.  Since d i f f e ren t  s i ze  c lasses  
were n o t  t e s t e d ,  no conclusions about size-dependent mortal i ty  can be 
drawn from the Kaplan prototype s tudies .  However, observations on the 
types of i n j u r i e s  incurred by t e s t  f i s h  were made; these a re  included 
w i t h  the  Francis r e s u l t s  in Table 4. A higher proportion o f  

pressure-type i n j u r i e s ,  as evidence by the r e l a t i v e l y  high 
percentages o f  he orrhages observed, were noted i n  the  Kaplari 
prototype s tudies .  ’These may have resu l ted  from the  production of 
conditions leading t o  cavi ta t ion  d u r i n g  t h e  experimental 
moda’fi c a t i  ons. 
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Many o f  t h e  i n j u r i e s  s u f f e r e d  by the turbine-passed f i s h  appear 
t o  resemble those of gas  bubble disease.  Gas supersaturat ion o f  water 
flowing t h r ~ ~ i g h  a. tuvbine u s i m l l y  does r i o t  e x i s t  (Ebel 19691, b u t  i t  
can occur when turbines  a re  vented 3,o reduce cav i t a t ion ,  F i s h  k i l l s  
below the Kaplan t i n i t  a t  Mactaquac Dan on the Sa in t  John River i n  New 
IjrunSwick were a t t r i bu ted  ' to t i r r b i  ne venting d u r i n g  low generating 
levels (MacDonald and Hyatt 1973). 

131 ade/bl ade and gate/bl ade clear. openi rags were n o t  studied i n  the  
Kaplan prototype experiments as they were i n  t h e  Franrri s F;.tud'ies. The 
analysis  by L.ong and Marquette (1%7), however, has provided some 
insight. i n t o  pe ten t id l  l e tha l  areas i n  Kaplan runners. The pa t te rn  of 
water flow i n  turbine intakes arid spiral  cases can be considered well 
ordered. Studies of hydraulic models ind ica te  t h a t  flows near the 
intake ce i l  i ngs  move t h r % u y h  the kops o f  t h e  openings between wicket 
gates  and t h a t  flowing water near the intake f loo r s  passes through the 
bottom o f  t h e s e  openings. Because the runner i s  posit ioned only  a 
small d i s t a n c e  downstream from the wicket ga t e s ,  the c e i l i n g  and f loo r  
flows probably maintain t h e  same re la t ionship  as they pass the blades 
(Long and Marquette 1967).  Studies conducted by National Marine 
Fisher ies  Service personnel at. t h e  Dalles and McNary Dams fairnd t h a t  
f i ngerl ing salmonids concentrated near the  c e i  1 -i ngs o f  t u r b i n e  intakes 
(Long 1968a). T h i s  behavioral c h a r a c t e r i s t i c  probably causes most o f  
the  migrant f i s h  t o  pass t h e  turbine runner at. or  near the h u b  i n  
ver t i ca l - sha f t  Kaplan units. The c l e a r  openings between (1) the guide 
vanes arid the w i c k e t  ga te s ,  (2) the  wicket gates and the runner 
blades, and ( 3 )  the  blader; and the h u b  may be i n su f f i c i en t  f o r  
successful f i s h  passage (Long and Marquet te  1967).  Poten t ia l ly  unsafe 
areas a r e  shown i n  Figure 9. 

The inves t iga t ions  undertaken a t  the Dalles Dam not only  
es tabl ished the ve r t i ca l  d i s t r ibu t ion  o f  juveni le  f i s h  in the turbine 
intakes b u t  a1 so recorded t h e i r  d i e l  movement (Long 1968a). 
Day-night comparisons showed t h a t  most ch-inook salmon, steelhead 
t r o u t ,  and a.mmoeoetes o f  the  Pac i f ic  lamprey were caught a t  n i g h t .  
' T h i s  f inding suggested a for tunate  re la t ionship  between the timing o f  
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f i  sh passage and the normal schedu? e of t i w b i  ne 1 oadi ng. Night  
movement through the t . u r h i  nes favor higher s u r v i v a l  because reduced 
power demands may increase the f l e x i b i l i t y  f o r  adjust ing t u r b i n e  loads 

i ze  f i s h  5LdrvivaI ( t y p i c a l l y  near 70% o f  t he  ax i n i m  ra ted 

As i n  t.he exainple c i t e d  above, .~t . i idies  conduct,ed by the  National 
ar ine Fisher ies  Service on t h e  behavior o f  downstream migrating 

c a p a c i t y ) .  

juvenile salmonids have proven h e l p f u l  i n  understanding f 

t h r o u g h  Kapl an tiirbines, Fie1 d research a t  Ice Harbor 
Snake River. revealed the importance of  predation t o  es t imates  o f  

t u r b i  ne-re1 ated f i s h  mortal  i t y  (Long 1968b). O f  the t o t a l  estimated 
32% loss  o f  t e s t  f i s h ,  only losses o f  IO t o  19% were a t t r i b u t a b l e  t o  
the e f f e c t s  OF t u r b i n e  passage. The remaining 93 do 22% losses  
resul ted from predation on year1 i r i g  c:c)ho salmon by seagul ls  and 
sqirawfi sh i n  "backroll I '  areas o f  t h e  t a i  1 race.  

To provide a basis  fo r  compensation of  f i s h  losses  and t o  develop 
f i s h  protect ion s t r a t e g i e s  I recent mortal i ty  invest igat ions have been 
conducted a t  two o f  t h e  pr iva t e  u t i  I i t y  dams on the  mid-Columbia 
R i v e r .  'The sludy durie a t  B u l b  Unit No. 5 of  Rock Island Dam i n  1979 
estimated t h e  mortali ' t ,y o f  year l ing  coho salmon smolts t o  be 7.0% w i t h  

a 95% cofifidence int,c?r.val o f  4,4 t o  9.6% (Olson and Kaczynsk-i 1980). 
s m o l t  mortal i t y  was 3 . 1 %  w i t h  a 95% confidence interval  o f  

b-9.IA%, The e i g h t  bu lb uni t s  i n s t a l l e d  a t  Rock Is land Dam, equipped 
w i t h  horizontal-shaf t  Kapl an runners a re  projected t o  be more 
e f f i c i e n t  than the more conventional, ve r t i ca l - sha f t  Kaplan u n i t s  
under .the low hydraulic head c o n d i t i o n s  prevai l ing a t  t h i s  dam. 
However-, data a r e  t o o  preliminary t o  e s t ab l i sh  whether the survival 
r a t e  o f  f i s h  passing through b u l b  uti-its i s  higher than t h e  survival 
r a t e  o f  f i s h  t h a t  pass through other  Kap'lan turbines .  

Turbine passage was assessed a t  the conventional Kaplan units 
i n s t a l l e d  a t  Wells Darn during the spr ing o f  1980 (Bernie Leman, Chelan 
County Public U t i l i t i e s  District, persorial communication). Results o f  

these s tud ie s  a r e  n o t  cur ren t ly  ava i lab le ,  
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2.4.5 P ro to tvoe  S tud ies  w i t h  Other  Runners 

M o s t  o f  t h e  p r o t o t y p e  s t u d i e s  ( and  a l l  o f  t h e  model s t u d i e s )  were 

performed on F r a n c i s  o r  Kaplari runners.  One s e r i e s  o f  t u r b i n e  - r e 1  a ted  

f i s h  m o r t a l i t y  i n v e s t i g a t i o n s  was conducted w i t h  a t y p e  o f  impulse 

runner ,  t h e  P e l  t o n  wheel (Oregon S t a t e  Gam? Commission 1361), which 

was i n s t a l l e d  at, U n i t s  7 and 8 of t h e  W i l l a m e t t u  F a l l s  P l a n t  r u n  by 
P o r t l a n d  General E l e c t r i c  Cotiipdiiy. M o r t a l i t y  o f  ch inook j u v e n i  l e5  

ranged f r o m  10.5 t o  11e8%9 and t h a t  o f  s tee lhead  railgcd f rom 7 .7  t o  

9.9%. The l i m i t e d  i n f o r m a t i o n  does n o t  p e r m i t  comparison w i t h  

r e a c t i o n  t u r b i  ne s t u d i e s .  

2 . 5  Ana lys i s  o f  S tud ies  C i t e d  

The i n v e s t i g a t i o n s  reviewed i n  t h i s  document used a wide v a r i e t y  

o f  methods and were conducted ~ v e r  a broad range o f  t u r b i n e  o p e r a t i n g  

c o n d i t i o n s .  The d i v e r s i t y  o f  methods and exper imenta l  c o n d i t i o n s  as 

w e l l  as factors  such as h e a l t h  o f  f i s h ,  r e s i d u a l i s m  (a  condi t , ion t h a t  

may occur because o f  d e l  ays i n m i g r a t i o n ) ,  p r e d a t i o n ,  and hydro1 o g i  c 

f l o w  regimes may account f o r  t h e  v a r y i n g  es t ima tes  o f  t n o r t a l i t y .  The 

compendium o f  R d 1  e t  a l .  (1967) presented analyses o f  d i f f e r e n t  

v a r i a b l e s  i n  f i s h  m o r t a l i t y  i n v e s t i g a t i o n s  conducted th rough  1966 and 

reviewed mathematical  models f o rmu la ted  f o r  t u r b i n e  passage. U n t i l  

t h e  r e v i s e d  compendium i s avai  1 ab1 e ,  t h e  1967 dociinient w i  11 con t inue  

t o  be t h e  most comprehensive rev iew  o f  m o r t a l  i ty  r e s u l t i n g  f rom 

t u r b i n e  passage. I t s  analyses f o r  c e r t a i n  areas o f  concern are 
i n c l u d e d  i n  t h e  f o l l o w i n g  sec t i ons .  
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2 . 5 . 1  Recovery ._.I_I.._ _. . ... Methods and Computation of Mortali ty 

Recovery methods a re  o f  paramount importance i 1-1 t he  computation 
o f  mortal i ty .  Their e f f ic iency  depends un the ~ Y C C J W ~ ” Y  gear  used and 

the level o f  e f f o r t  employed i n  the recovery operations (Olson and 

Kaczynski 1380). Bell e t  a l .  (1.267) compared t e s t  r e s u l t s  i n  which 
complete recovery methods (nets  fixed t o  d r a f t  t i ihe exi . t r ; )  were used 
w i t h  r e s u l t s  ob ta i  ned by downstream recovery metlwds ( p a r t i a l  recovery 
methods) or  by returns o f  marked acfu1.t f i sk ] .  Ihis comparison 
i ndi cated that, immed-i a t e  mortal i ti es ~ pl us 3-  t n  5-d ho Id i ng 
mor t a l i t i e s ,  should give an accurate rrst imake o f  t o t a l  ieor%ality 
resu l t ing  from turbine passage. 

The super ior i ty  o f  complete recovery methods over p a r t i a l  ones, 

o r  vice versa ,  depends on s VLe-speci fa^c c o n d i t i o n $  ,and the s u ~ ~ r c e s  o f  
i ridi r e c t  mortal i ty .  W i t h  complete recapture t.echniquei; neau.’iiy t o t a l  
p o r t i o n s  of the released f i s h  may be immediately recovered, and 

smaller sample s i zes  can be used t o  obtain the  sihine degree o f  
s t a t i s t i c a l  accuracy. In addi t ion ,  the nets  t heo re t i ca l ly  pro tec t  
t e s t  and contvwl f i s h  from predation.. However, i f  i nd i r ec t  mortal-i’ty 
from col lec t ion  i n  the  complete t-ecovery n e t s  i s  s i g n i f i c a n t ,  then 
downstream recapture methods rnay be more e f f i c i e n t .  Downstream 
recovery methods may el iminate  t h e  s t r e s s  o f  f u l l  recovery ne t s ,  b u t  
rnay recapture fewer f i s h  because o f  sources o f  mortal i ty  (e.g. 

p r w h t i u n )  n o t  d i r e c t l y  a t t r i b u t a b l e  t o  turbine passage. 

- 

2.5.2 Study Type 

Based on regression ana lys i s  of model tu rb ine  da t a ,  Bell e t  a l .  
(1967) concluded t h a t  pred ic t ian  o f  prototype performance from the  
model s tud ies  d i d  n o t  appear f eas ib l e  because of  the large s i z e  o f  the  
f i s h  r e l a t i v e  t o  t h a t  of model runners (Sect.  2 . 3 . 3 ) .  
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?. 5 .3  Francis and Kaplar? ................ Runners ____._ -. 

M u l t i p l e  r ~ q r s ~ s s i o n  analyses i n d i c a t e d  t h a t  t h c  caus=is f o r  f i s h  

l osses  i n  each t y p  o f  runner  were not, t k  s a w  (k?? e t  a1 19G/ ) .  
Coinbind d a t a  f rom t h e  r r a n c i s  p r o t o t y p e  t e s t s  conducted by t h e  U . S .  

Army Corps o f  Cnginsers,  Is'alla N a l l a  D i q t r i c t ,  i n d i L a t c d  LhaL tile 

pet-cent, w i c k e t  g a t e  opei i ing i s  t h e  nosi importat.,', v a r i a b l e  Sigma a d  

f i sh 1 cng th  ? m r ~  n e x t  i n  i rnportdncr.  Tmportant v s r i  ab1 es  for .  Kapl dti 

t u r b i n e s  proved t o  be tire squavi? r o o t  o f  t h e  head and qigma. These 
r e s u l t s  my he somewhat cornpl i c a t e d  by lire f a c t  t h a t  S ~ Y C ~ ; P ~  f a  to rs  
w c r ~  b e i n g  v a r i e d  s i i i i u l  Ldneously d l i r ing  t h e  f i e l d  i r s t s .  DFiGpitc 

these  comp l i ca t i ons ,  t i iesp f i n d i n y s  l o g i c a l l y  fello::le'i 71 om t h e  

eny ineer ing  des ign  of t h e  t u r b i n e s .  The e f f i c i e n c y  o f  K q ' l d n  t u r b i n e s  
depends on b lade  aiigle adjustments under. c e r t d i n  head5 arid p o w r  

l oad ings .  As d iscussed e a r l i e r ,  t h e  magn7.tude o f  mechanical i n j t r r i p 5  

appeared t o  be a f u n r t i o n  o f  clearance l a ~ ! w ~ ~ n  ~ ~ l ~ z k ; t  g a t e s  and runner  

b lades  i n  t h e  F r a n c i s  p r o t o t y p e s .  f h i s  r c l a t io i i sh ip  ~5 n o t  i l l i s ~ r v ~ d  

i n  t h e  Kaplan p r o t o t y p e  stlrdies. Iii h o t h  s t u d i e s ,  hoi~~evc;, iilaxiiwm 

f i s h  s u r v i v a l  occu r rpd  a t  t h e  p o i n t  o f  h i q i w s i  Lotal o p p f a t i l q  

e f f i c i e n c y  Sell (1380, c i t e d  i n  Olson and Kaczynski 1980) contends 

t h a t  f i s h  passage e f f i L i e n c y ,  a d i r e c t  Func t i on  o i  f i s h  s i r rv iva: ,  may 
va ry  f rom 1 t o  3% more %Iran the t u r b i n e  o p e r a t i ~ i q  e i f i L i i ( ! t cy  

blortal i t y  es t imd tes  o f  I3 t o  10% a p p e a r  i n e v i  L c i t i l  e ,  even !vi t h i  n the 
r e g i o n  o f  h i g h e s t  o p e r a t i n g  e f f i c i e n c y .  

2.5.4 ___.._ F i s h  ....... Species and S ize  

Fish  m o r t a l i t y  as 3 resul t  o f  passayr th ioug l i  t w b i n e s  has been 

s t u d i e d  p r i r n 3 r i l y  w l t k  juuenile salrn-nids. L a r g e r - s i r e d  fish have 

i n c i d e n t a l l y  been recovei*ed i n  the sarnpliricg gear (U.S. Army Corps o f  

Engineers,  Wa l la  Wa l la  D i s t r i c t  1379),  b u t  t h e y  have rmt been 

sys temat i ca l  l y  i ntroduc2d i n t o  penstocks,  recovernd i n  t a i  1 r a c ~ s ,  and 
exarnir~ed t o  determine t h e  cause and e x L ~ i : k  n i  i i i o t - h l  i t y .  Although 
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t h e r e  are  anadromous species such as the A t 1  a n t i c  salmon ad~ose: adul ts  
do n o t  d i e  a f t e r  spawning b u t  return t o  t h e  sea, i t  i s  assr~med t h a t  
most 1 arger f i  sh would he prevented f r o m  e n t e r i  rig t h e  t -u rb i  ne intakes  
by screens o r  o the r  structures I II d i f f e r e n c e s  i n  sncirtal s'ty among 
spec ies  p e r  5e were noted in the  exper iments o f  t he  U.S. Arniy Corps o f  

Engineers, Walla Walla D i s t r i c t , ;  however, f i s h  s i z e  was an i 
variable i n  t h e  experiments w i t h  Francl 's p r o t o t y p e s ,  Because 50 niany 
over1 app.i rig s i z e  groups  have been i~serl i II t u r b i  ne-passage 

i n v e s t i g a t i o n s  and many recovered f i s h  were not, measured t o  d e t e c t  
s i z e - s e l e c t i v e  recovery differences, higher  co r re l a t ions  o f  s ize!  w i t h  

mortal i t y  may be mas ked.  
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3 .  PUMPED-STORAGE (REVERSIBLE) HYDHOELECTRLC FACILITIES 

Although many areas  of researcii on f i s h  mortal i ty  rcsultifig from 
turbine passage a t  conventional hydroelectr ic  f a c i l i t i e s  have been 
addressed, l imited research on f i s h  i i tur ta?  i t y  resu l t ing  from turbine 
passage has been conducted a t  pumped-storage hydroelectr ic  f a c i l i t i e s .  
The I udington Pumped Storage Power P la t i t ,  Liidington, YiLi-iigaIi, i s  n o t  
only the l a rges t  pumped-storage pro jec t  i n  exis-tciice (rnar'mum 
generating capaci ty ,  1873 Mid), b u t  a l s o  t h e  s u b j e c t  o f  the  most 
extensively documentPd h r b i n e  mortal i ty  studjp5. As such, i t  will  be 

used a? a inodol f a c i l i t y  f o r  t h e  purpose of describing a 
pumped- s torage  operation. 

3 . 1  Background 

A puiriped-storage f a c i l i t y  opera tes  by pumping wzter t o  an upper 

reservoir  during off-peak hours  and s tor ing  i t  tirert? f o r  gener.a.ting 
e l e c t r i c i t y  during periods o f  peak power demand. Elec t r i c i ty  i s  
produced as the re1 eased wa-Ler f 1 ows through reversi b l  F! pump-turbi nes. 
P i i m p i  ng normal ly  occurs a t  night and over weekends, whi 1 e generating 
occurs during .the weekday mornings and eveni ngs (Serchuk 1976). This 
"stoi-ed energy" approach t o  the  energy prob lem i-equires a source o f  
excess e l e c t r i c i t y  because 10 .8  x l o 6  J ( 3  kWhj of puillping energy i s  

needed f o r  every 72 x I O 6  J ( 2  kWh) of generated energy. Although an 

overall  loss of energy occurs,  the  process i s  economically f eas ib l e  
because energy used f o r  the  pumping phase i s  nonpeak energy and thus 
i s  avai lab le  a t  r e d t ~ ~ e d  c o s t  ( C l u y s t o n  2900). 

Lake Michigan serves as the  lower veservoir o f  the Luditigton 
f a c i l i t y .  The upper basin i s  a man-made reservoi r  w i t h  a t,ota"l 
surface area of 340.7 hectares (ha) and a t o t a l  capacity o f  1 0 2 . 2  

t r i  1 1  ion 1 i t e r s .  Maximum water depths  range from 34 m a t  the north end 



t o  30 m a t  the south end. During plant  operat ion,  the ver t ica l  
f luc tua t ion  can be as grea t  as 20 m (Serchuk 1976). Water i s  pumped 
f r o m  t h e  fake t o  the  reservoi r  (143 m above the lake) by means o f  s i x  
Hitachi reversible pump-turbine, motor-generator u n i t s .  These 
pump- t i i r h i  ne5 a re  ver t ica l  , s i  ng l  e-shaft  ~ spi ra  1 Franc i s-type 
turb ines ,  each having a dl’ameter o t  8 . 4  m and a weight o f  291,000 kg 
(Gerkowsk i  and De l  \ a s  1978). Cur ing  the pumping hase o f  operat ion,  
the generator-s function as  motors, d r i v i n g  t h e  hydraulic turbines  t h a t  
a c t  a s  pumps. As the  generating cycle i s  i n i t i a t e d ,  re leasing water 
from the upper reservoi r  through the turb ines ,  the t w b i n e  direct ion 
reverses ,  s p i n n i n g  the  generators ,  Nhich in turn produce e l e c t r i c i t y .  
The pumpiiig veloci ty  per pump-turbine i s  314 m3/s f o r  113.6 til 

e f fec t ive  head (Gerkowski and Del las 19SS). When a l l  turbines  a re  
operable,  water i s  t r ans t e r r ed  a t  a maximum flow o f  2151 m3/5 and 1886 

rm”Js during the generating and pumping phases, respect ively (Serchuk 
1976). 

In general pumped-storage turbine designs d i f f e r  only  S I  igh t ly  
from those o f  the  Francis wheel o f  conventional hydroelectr ic  pro jec ts  
grea te r  than 30 in i n  height.  The wheels are submerged deeply enough 
i n  t h e  t a i  lwater of pumped-storage pro jec ts  t o  avoid cavi ta t ion  t h a t  
causes damage t o  the revers ib le  pump-turbines + negative pressure 
areas ,  or’ pockets around runners and s p i r a l  cases (Hauck and Edsori 
1976). 

P I  ant  operation e f f e c t s  on anadromous f i  s h  may d i  f f e r  according 
t o  whether the pumping or enera t i  ng cycl e i s be i ny used. When 
operating i n  the gerierati ng phase, the discharge vel oc i ty  may a t t r a c t  
upstresrn migrants t h a t  cou ld  be blocked a t  the  powerhouse. During the 
pumping made, reverse o r  c i r c u l a r  cur ren ts  may tse created which could 
i n h i  k r i  t the normal migratory pa t te rns  These curren ts  may i nfl uence 
the path followed by downstream migrants searching f o r  an ou t l e t .  By 
being at l racted t o  the currents, they could be drawn through the pumps 
t o  the upper reservoir .  I n  addi t ion ,  as  t h e  upper reservoi r  begins t o  
f i  11, resident f i s h  could be drawn through t h e  pumps arid i n t o  the 
upper level .  The impact o f  a p ~ ~ ~ ~ e ~ - ~ ~ o ~ ~ g e  f a c i l i t y  on ~ ~ ~ r ~ t ~ r ~  
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f i s h  may be ri i in' imizecl hy a d j u s t i n g  t h e  o p e r a t i o n  schedule t o  

accommodate t h e  h a b i t s  o f  the species i nvo l ved .  .This can be ac- 

compl i shed by modi fy i ng t h e  i n t a k e  structcire t o  reduce c u r r e n t  f 1 ow as  
we1 1 as schedul i ilg p l a n t  o p e r a t i o n  d u r i  n y  tii s o f  t h e  day o r  season 

when movement i s  i i i i n i m l  (Hauck and Edsor-i 19/61. 
I n  a 1973 survey o f  s t a t e  f i s h e r y  agencies by Schoumacher (1976) ,  

severa l  areas o f  conce:.n were i d e n t i f i e d  as a r e s u l t  o f  t h e i r  

involvement, w i t h  pumped-storage f a c i l i t i e s .  Topics i i ~ o s t  o f t e n  c i t e d  

as po t ,en t i a l  areas f o r  research  i n c l u d e  en-lrsaininent o f  f i s h  i n  t h e  

pump-turbi  l ies , water  1 eve1 f 1 u c t u a t i o n s  i n the  r e s e r v o i r s  , adverse 

char ips  i n  t h e  q u a l i t y  o r  q u a n t i t y  o f  downstdream releases as they 
a f f e c t  t h e  m- i y ra t i on  o f  anadromous f - i s h ,  and e f f e c t s  o f  ope ra t i ons  on 
s t r a t i f i c a t i o n  i n  t h e  r e s e r v o i r s  (Schoumacher 1.976). 

trlater wi thdrawn by puinpcd-storage s taL ions  e n t r a i  TIS oryar i i  sms i n  

bo th  upper and lower p o o l s .  D u r i n g  en t ra ine ien l ,  f i s h  m o r t a l i t y  i s  

a f f e c t e d  by a b r a s i o n  and c o l l i s i o n ,  press~rre arid v e l o c i t y  changes, and 
a c c e l e r a t i o n  e f f e c t s  ( M j  rac ' le  and Gardner 1380). Abras ion and 
col 1 i s i  on  ciama-ges occur  when oryan- i  sms come i n t o  c o n t a c t  w i t h  f i x e d  o r  
moving objects ,  such as i n t a k e  p ipes ,  t u r b i n e  blades, and suspended 

solids. Pressure chairyes t h a t  a re  most  l i k e l y  t o  occur a t  

pumped-storage p l a n t s  are low pressures w i t h i n  t u rb ines ,  par t ia l  
vacuums caused by c a v i t d t l o n ,  and h i g h  pressures caused by e l e v a t i o n  

d i f f e r e n c e s  b e t w e n  upper and lower, i .ese\*voirs.  Shear ing f o r c e s  a r e  

encountered i n  areas o f  e x t r e f i e  tk j rbule iw o r  near the i n n e r  

boundar ies o f  i n t a k e  piper,  and t u r b i n e s .  Altliough shear ing  i n j u r i e s  

weine not  s e r i o u s l y  c o n s i d r r e d  i i 7  e a r l y  s t ~ d i e s ,  Bell (1973') desc r ibes  

i t  as il major cause o f  f i s h  m o r t a l i t y  d u r i n g  t u r b i n e  passage. 
A c c e l e r a t i o n  e f f e c t s  occur w i t h i n  t h e  i n t a k e  p i p e s  and dfscharge area,  
where t u r b u l e n t  eddies a r e  c r e a t e d  as a r e s u l t  o f  changing wat-et- 
d i r F j c t i o n  and v e l o c i t y .  M o r t a l i t y  fac tors  a re  c l a s s i f i e d  i n t o  f o u r  
c a t e g o r i e s  by Bell (19'63): (I) niechanical damage ( c o n t a c t  w i t h  f ixed  
or msvi ng equipment) ; (2)  presstire- f i-sdweed dainagc (exposure t o  
low-pressure c o n d i t i o n s  w i t h i n  the  turbirie) J (3 )  shear ing  ac t - i on  

(caused by passage tht-crugh areas of  e x t r e n e  t u r b u l e n c e  o r  boundary 



51 

c o n d i t i o n s ) ;  and (4) cavi ta t ion  (expot;ure t o  regiines o f  par t i a l  
vacuum). 

As mgii t o r i  ng attempts were undertaken w i  t t r i  II the pumped-storage 
f a c i l i t i e s ,  sampling procedures were  h indered by charactc?r.i:i.t;ics 

water level f l u c t u a t i u n s  and h igh  water v e l o c i t i e s  a t  intake and 
d i s c h a r g e  areas .  In a d d i t f a n ,  each f a c i l i t y  poses i t s  own cons t ra in ts  
resu? t i n g  frana i t 5  phys i ca l  des ign and o p e r a t i o n  schedule (Fiathur and 
i - ieisey, i n  p ress ) ,  An exce l len t  sirminar.y o f  b i o r n o n i t o r i n g  ~ ~ ~ e t h o d s  in 

unique t*o plilrnpcd s t o r a  e .  The major satlip1 ing impediments are  daily 

i . l 5 &  at. the varioz1s pumped-stora ro jec ts  (Table 7 )  ha..; been 
t , abu l  a t e d  by l”lati7~iir and He-i sy ( i n  press ) .  

Daaring 1.974 and 1975, t h e  f i r s t  intensive f i e l d  assessment o f  

f i s h  t u rb ine  mortal i t y  a t  a pumped-storage f a c i  1 i ty  was conducted a t  
the Lesdingt,ori p l a n t .  In ear l ier-  Ludington st,ud-ies, emphasis was 

placed on deve lop ing  recovery methods t h a t  would c o n t r i b u t e  t o  a 
r e l i a b l e  estimate o f  niortal i ty  r a t e  (Tack and L i s t o n  1’373). The 
rnetkecirl used f o r  recovery was the process develol-,ed by  the Mantpel i e r ,  

\/t?rrnont, Bureau o f  S p o r t  Fisher- ies  and Wildlife, as reported by 

Johnson (1970). Styrcifoam eggs, sised a5 f 1 ota-Li on devices , were 
attached t o  t h e  f i s h  behind the  d o r s a l  f i n  j u s t  b e f o r e  t h e  f i s h  was 
r*eleased i r i t o  t he  t u r b i n e  i n l e t  syskern. Serchuk nmdi f ied  t h i s  
procedure i n  1m.i s 1974 and 1975 exper iments p r e f e r r i  tig j a w  attachment 
o f  st,yrofoarn t ags .  w i t h  a weighted 
paper’ sack placed i n  f r o n t  o f  t h e  d r a f t  tube opening. The sack, 

F i s h  i wtraduct ion  was accornpl i she 

a m a l l  sandbag and a a l lon  o f  water, was lowered i n t o  t h e  
water; when i t ”  was sat,urated, i t  , releasiq the esiclosed 
f i s h  i n t o  the d r a f t  tube  (Serchuk 1.976). Serchuk’ s f -i rial i zed procedure 
ii.icli.ded (I) t.he use o f  commercially prnccired rairrbow t r o u t  as L e s t  

specisnerss; (2) anesthetization o f  f i s h ;  (3) taggirag with sityrcafoarn 
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Table 7 (continued) 

Pro jec t  
Elevation 

Reservoir f luc tua t ions  Methods 

Banks Lake, MA Upper-Bank Lake 

Lower-Frank1 i n  D. 
Roosevelt Reservoir 

4.6 9 up to 
40 m 

F i s h  tagging, underwater 
c losed-circui t  t e l ev i s ion ,  
f ry  t r aps ,  scuba obser- 
vat ions,  creel census, 
acoustical  methods, 
s t r a i n i n g  nets,  g i l l  
nets visual surveys 
and boat  equipped w i t h  
underwater v i  ewi ng 
window, hydraulic 
sampf ers 

Gil l  ne t ,  acoustic methods, 
tow net 

~~ - 

Drawdowns are due primarily t o  water withdrawal f o r  irrigation purposes o r  flood control.  a 

Source: Mathur and Heisey ( i n  press).  



f l o a t ;  (4 )  r e c o r d i n g  of l e n g t h  mrasurenients; (5 )  i n t r o d u c t i o n  o f  f sh 

i n  weighted paper sack i n t o  area o f  t u r b i n e  i n t a k e ;  (6 )  r e c a p t u r e  o f  

dead and l i v e  specimens near d ischarge area; ( 7 )  r e t e n t i o n  o f  1 ve 

specimens i n  a h o l d i n g  f a c i l i t y  f o r  72 h t o  assess delayed m o r t a l i t y ;  

arid (8) examinat ion o f  b a t h  dead and l i v e  f i s h  f o r  t u r b i n e  dainage. 
The 1375 s t u d i e s  a l s o  i n c l u d e d  a c o n t r o l  group f o r  de te rm in ing  

hai id l  i i i g  raortal  i t y  (Serchuk 1976). A board passage study i n  1974 

e s t a b l i s h e d  t h e  r e l a t i o n s h i p  between object, s i z e  and mechanical 

damage. P i  ne and spruce boards w i t h  a t tached  sandbags were sub jec ted  

t o  t h e  same t u r b i n e  passage i i i t r o d u c t . i o n  and r e t r i e v a l  procedure as 

were t h e  f i s h  specimens. 

The desc r ibed  procedure a t  Ludir iyton dealt,  p r i m a r i l y  w i t h  

salmonids because o f  t h e i r  importance t o  Lake M i c h i g a n ' s  t h r i v i n g  

s p o r t  f i s h e r y .  List,on (1979) bases annual salmonid i no r ta l  i t y  
es t ima tes  on d a t a  r e t r i e v e d  from mark and r e c a p t u r e  s t i rd ies ,  weekly 

r e s e r v o i r  g i  11 n e t  sampl es , t u r b i  ne-re1 a ted  n io r ta l  i ty  t e s t s ,  and 

r e s e r v o i r  resi deiice-time s t u d i e s .  To  o b t a i  n m o r t a l  i t y  da ta  on a1 1 
species e n t e r i n g  t h e  t u r b i n e s  as w e l l  as t o  improve t h e  accuracy o f  

m o r t a l i t y  es t ima tes ,  s i e v e  n e t  sampl ing was i n i t i a t e d  i n  1978. The 

s i e v e  n e t  sampl ing technique would d i r e c t l y  and immediately till l y  t h e  

f i s h  k i l l e d  d u r i n g  pump-turbine passage (I.ist,on e t  a l .  1980). 
A 1  though t h i s  technique considered o n l y  pumping-mode, t u r b i n e - r e l a t e d  

m o r t a l i t y ,  L i s t o n  a l s o  conducted generating-mode m o r t a l i t y  s t u d i e s  

u s i n g  rainbow t rout ,  by f o l l o w i n g  Serchuk 's  p rev ious  method. Present  

Ludington biomoni tor i i -sg techniques,  aiined at. p r o v i d i n g  a more accu ra te  

es t ima te  o f  f i s h  p a p u l a t i o n  needed f o r  m o r t a l i t y  s t u d i e s ,  i n c l u d e  g i l l  

n e t t i n g ,  s i e v i n g ,  and t r a w l i n g .  Ihe da ta  c o l l e c t e d  by these methods 

w i l l  p r o v i d e  an i n s i g h t  on seasonal and s p a t i a l  abundance and 

d i s t r i b u t i o n ,  which w i l l  serve as a bdse f o r  con r i n g  en t rd inmen t  

r a t e s .  The Lucl inyton p r o j e c t  was t h o  o n l y  i n v e s t i g a t j o n  i n  which g i l l  
n e t  catches were a d j u s t e d  f o r  gear e f f i c i e n c y  and used t o  a s c e r t a i n  

f i s h  loss d u r i n g  pump-turbine passage ( L i s t o n  7.979). To b e t t e r  

understand t h e  r o l e  o f  c u r r e n t s  and eddies t h a t  occur a f t e r  pumping 

- 
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and generating i n  a l t r a c t i  ng s a l  oni d s  , hydroacuusti  c sarnp? i ng i s 
being used t o  a s s ~ s s  popul a t  i ons i ~ ~ r  i ntake s t ruc tu res .  

In a s t u d y  o f  larval f i s h  passage a t  t h e  Jocassee Puniped Storage 
Stat ion i rI South Capo I -i na Pr i nce an Mengel (1980) used pldnkton nets  
f o r  co l lec t ion  before and aftre!- t u r b i n e  passage d u r i n g  both generating 
and pumping cycles.  I n  1 9 7 J ,  d i f f i c u l  t i e s  i n  co l lec t ion  were 
experienced because the  n e t s ,  which were p l  x e d  in the t a i  1 race,  were 
turned sideways b~y t h e  turhulence and eddies a t  t h i s  l o c d l i o n .  To 

el iminate  th i s  problei i i  when t h e  s tudies  con1 inued i n  1918, n e t s  were 
suspended from boats posit ioned fu r the r  downstw*eam i n  l e s s  turbulent  
water. Here, samples were obtained a f t e r  t h e  l a rvae  passed through 
the gencrating mode, but- before they entered .the pumpi rig phase. 

He i sy and Mathrir (1380) conducted turbine mortal i t y  experiments 
a t  the Muddy Run Pumped Storage Pond i n  southeastern Pennsylvania by 
irsing methods s i m f  lar- t o  those described by ,Johnson (1970). Fish,  
o u t f i t t e d  w i t h  f l o t a t i o n  devices, were in t roduced i n  the intake area 
and recovered i n  t h e  i ntake-di schdrcje canal duri ng t h P  pumpi ng phase. 
Percent mortal i t y  was estimated for. adu l t  c.harlne1 c a t f  i s h ,  brown 
bullhead, w h i t e  crappie ,  carp ,  and smallmouth bass. 

fxtensive monitoring activity t o  assess  f i s h  populations i n  a 

pumped-storage f a c i l i t y  at. Banks Lake, Washington, was conducted by 
the University o f  Washington Fisher ies  Research I n s t i t u t e  (Stober e t  
a ? .  1977). Detai ls  o f  the  sarnpiing apparatus a re  shown i n  Figure 10.  
Figure 11 depicts  the  proposed sampling procedure t o  be use 

Elbert  Pumped Storage Plant, on the lower lake o f  T w i n  ldkes near 
Leddville, Colorado. The devised ne t t ing  system wil l  allow col lec t ion  
o f  entrained f i s h  d u r i  mg both pirmpi ng and generati  n y  phases. LaBounty 
and Roline 's  apparatus (Figure 1 1 )  i s  u n i q u e  because i t  is  being 
incorporated i n t o  the intake-discharge area o f  the s t a t i o n  during 
plant  construction. I n i t i a l  operation of t he  f i r s t  of two u n i t s  i s  
planned f o r  June o r  July o f  1981 (LaBounty and Roline 1980). T u r b i n e  
mortal i ty  st.udies undertaken by Layzev i n  1975 a t  the  Northfield 
Mauntairi Pumped Storage Plant i n  Massachusetts u t i l i z e d  o r a l l y  
implanted sonic t ransmi t te rs  f a r  moni t o r i  ny purposes (Layzer 1976). 
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FLOATING PLATFORM / 

Figure 11. Proposed dampling apparatus for fish mortality studies in the {a) tailrace and 
) forebay of the MU, Elbeat Bumped Storage Powerplant. .Source: LaBounty 

and Raliafe 1980. 



The s u b j e c t  o f  pressure e f f e c t s  or1 e n t r a i n e d  f i s h  species has 

been we1 1 documented i n  t h e  1 i t e r a t i i r e  f o r  s t e a m - e l e c t r i c  and 

conven t iona l  h y d r o e l e c t r i c  power p l a n t s  (Marcy e t  a l .  1378, Cramer and 
O l i g h e r  1964, Brawn 1962). A l t h o q h  l i t t l e  wcrk has been desc r ibed  

deal  i n g  w i t h  p ressu re  e f f e c t s  a t  pumped-storage f a c i  1 i t i e s ,  two such 

examples have been c i t e d .  I n  1965, Foye and S c o t t  r e p o r t e d  t h e i r  

i n v e s t i g a t i o n  a t  t h e  proposed Pleasant  Ridge pumping system i n  Maine. 

k later i n  the  Pleasan-t Ridge s torage p r o j e c t  l i e s  a t  an e l e v a t i o n  211.2 

in h i g h e r  than  t h e  pumping s i t e  a t  Wyman Lake, r e s u l t - i n g  i n  a p ressu re  

a t  the pumping s i t e  o f  about 0.0138 kcj/ni2. To o b t a i n  s u r v i v a l  da ta ,  a 

p ressu re  chamber was designed t o  s i m u l a t e  condi tAons o f  p ressu re  

change d u r i n g  t h e  pumping c y c l e .  Tes t  f i s h  i n c l u d e d  c h a i n  p i c k e r e l ,  

y e l l o w  perch,  f a l l f - i s h ,  comrflot~i s h i n e r s ,  l a k e  L r o u t ,  and l a k e  A t l a n t i c  

salmon. Pressure was decreased a t  a cons tan t  r a t e  throughout  t,lw 
lO-rnin t e s t  p e r i o d  from 2067.4 kPa (300 p s i )  t o  atmospher ic p ressu re  

[101.3 kPa (14.7 p s i ) ] .  A f t e r  p ressu re  exposure, f i s h  were r e t u r n e d  

t o  h o l d i n g  t roughs f o r  obse rva t i on .  Dead f i s h  were exaiiiirjed f o r  

p ressu re  e f f e c t s  iii i ined.iately, whereas s u r v i v i n g  f i s h  were h e l d  f o r  7 d 

t o  assess e f f e c t s  p roduc ing  delayed m o r t a l i t y .  

Beck e t  a l .  (1975) at tempted t o  determine the  e f f e c t s  on s t r i p e d  

bass o f  h y d r o s t a t i c  p ressu re  t h a t  were expected t o  e x i s t  i n  t h e  

proposed pump-storage f a c i l i t y  a t  Cornwal l ,  New York. Al though 

speci f i c p ressu re  regimes exper ienced i n t h e  pumpi ng and g e n e r a t i  ny 

c y c l e s  were t o  have been determined by f i n a l  p l a n t  design, p r e l i m i n a r y  

s t u d i e s  on Hudson R i v e r  b i o t a  l e d  t o  t h e  des ign o f  a p ressu re  chamber 

capable o f  rep roduc ing  exposure p a t t e r n s  o f  13.8 t o  4823.8 kPa (2 .0 t o  

700 p s i ) .  The apparatus was m o d i f i e d  t o  rep resen t  a more r e a l i s t i c  

s i m u l a t i o n  model as t h e  s tudy progressed and as more i n f o r m a t i o n  on 

t h e  p ressu re  regiines became a v a i l a b l e .  I n  t h e  i n i t i a l  phase o f  t h e  

exper iments,  no p ressu re  l e s s  than  atmospher ic was expected t o  be 

produced because t h e  t u r b i n e s  would be submerged 15.2 m below t h e  

su r face .  However, it, was l a t e r  l ea rned  t h a t  some water  would pass 
through a n e a r l y  instantaneous p ressu re  drop i n  b o t h  pumping and 

g e n e r a t i n g  phases. rhus, nega t i ve  pressures \ s / o ~ l d  r e s u l t ,  as shown i n  



Figures 17 dnd 13. The point  a t  w h i c h  negative pressure occurs i s  
labeled " A "  i n  the  pumping made (Figure 1 2 )  and "B" i n  the  generating 
mode (Figure 13). According t o  the in t e rp re t a t ion  o f  Beck e t  a l .  
(1975) ,  a pressure gradient  from subatmospheric t o  about  202,600 Pa ( 2  
atmospheres o f  pressure) wi l l  occur 1 5 . 2  t o  20 .3  cm below the t u r b i n e  
blades. In both pumping  and generating cycles, t h e  changes i n  
hydrostat ic  pressure a re  expected t o  occur almost instantaneously i n  
any water sample s tudied.  Cons, ideririg the extrwne pressure ~ J ~ I C J ~ S  

with which they were deal ing,  the Cornwall team i n i t i a l l y  devised two 
pressure sys terns ; nile exposed 
atmospheric, and the other  e: 
5512.9 kPa (800 p s i  1 i n  l e s s  than 

3.3 Results and Csnc 

organisms t o  pressures less  than 
posed orqanisms t o  a lxaasimcini o f  
4. 5 .  

11s ions o f  Mortal i t y  St,udi es  

In Serchuk's 1974 and 1375 s tudies  a t  t h e  l.ud?sigton f a c i l i t y  
(Serchuk 1976), pumping mor ta l i ty  was estimated by using the data  from 
f ive  1974 experiments and s i x  19115 experiments (Tables 8 and 9 ) .  
Pumping mor ta l i ty  averaged 5G.6% for  the 1974 t e s t s  and 65.1% (67.7% 
w i t h  salmon) during the  next year.  O f  the f i s h  t h a t  died during 
passage, 37.2% exhibited physical damage i n  1974 as compared w i t h  
61.5% i n  1975. Because most damages involved lacera t ions  or 
decapi ta t ions (73.5% i n  1975) Serchuk concluded t h a t  mechanical 
contact  and shearing forces  were the  causat ive fac tors .  
Size-select ive mor ta l i ty  was a l so  examined during t h e  pumping cycle  by 
using f i s h  ranging from 267 t o  331 mm i n  1974 and 316 t o  677 mm i n  
1975. I f  s i z e  s e l e c t i v i t y  d i d  e x i s t ,  the 1975 experiments should have 
shown a d i f fe rence  i n  length between the l i v e  and dead recaptures 
following turbine passage. S t a t i s t i c a l l y ,  no s ign i f i can t  d i f fe rence  
was recorded i n  these t e s t s ,  although a passage run conducted w i t h  
only the l a rge r  f i s h  resu l ted  in  the highest  turbine mortal i ty .  
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Table 9. Summary o f  1975 f i s h  passage exper iments a t  t h e  Ludington pumped-storage f a c i l i t y  

b Recovered f i s h  Number o f  T o t a l  % 
Number f f o a t s -  F i s h  recovery Mortal i t y  rate 

Ope r a t  i ng o f  f i s h  Number Number only recovery f i s h  and 
M3 T e s t  date mode re1  easeda a1 i ve dead r@covered (%) f l o a t s  PI1 

15 J u n  

20 Ju1 

8 Aug 

25 Aug 

2 1  Sep 

4 Ost 

17 Oct 

19 Oct 

2 Nov 

Pumping 

Pumping 

Generat ing 

Generat ing 

Pumping 

Generat ing 

Generat ing 

Pump? ng 

Pumping 

32 
3 

46 
10 

11 
46 
19 

-- 

-- 

-- 
i a  
11 

3 1  
14 

35 
48 

35 
29 

I- 

-- 

-*  

-- 
No c o n t r o l s  used 

2 -- 49 (A)  
2 (D) 

46 (C> 42 
9 137 (A)  

3 (D3 -P 

6 
8 

39 
4 

16 
4 

3 
61 
16  
11 
40 
33 
14 
30 

5 
37 
2 
5 

43 
2 

a9 
2 
4 

3 1  
1 

38 

-- 

c 94. ld 

100. oe 

62.5 
37.1 

22.3 
25.0 
98.0 
98. Oh 
61.7 
72.7 

64.6 
44.6 

45.7 
0.0 

100.0 
65.9 

100.0 
100.0 

63.2 
66.3 

42.9 
100.0 

29.9 
33.3 

100. OJ 

100. Ok 

100. o1 

96 .1  
87.5 
71.4 

100.0 
83.8 
87.5 

98.0 
98.0 
77.4 
81.8 

100.0 
94.9 
77.0 

100.0 
76.4 

0.0 
100.0 

94.6 
100.0 
100.0 
80.7 

100.0 

93.9  
100.0 
100,o 
67.8 
66.7 

15 .8  
72.7 

8.0 
61.5 

77.6 
6. P 

76.3 

37.9 
78.4 

31 .1  
68.2 

12.5 
43.5 

12.5 
59.7 

90.5 

8.7 
77.5 

85.7 67.6 

91.5 58.2 

81.2 74.8 
(1.06) 

cn 
cn 

85.3 65.2 

83.1 53.8 

60.7 35.4 

68.5 53.9 

-- 95.7 

96.2 75.4 
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To assess t u r b i r i e  mortal i ty  d u r i n g  power genera t ion ,  Serchuk 
two experiments i n  1974 u s i n g  yel low perch and chinook 

salmon and four tes ts  in 1975 i i c ~ i t - q  ra-inbow t r o u t .  The r e su l t an t  
overal 'I m o r t a l  i t y  i n  t h e  1974 experiments, wh ick was computed by usi rig 

b o t h  imntediate and l a t c n t  mor t a l i t i e s  ~ was 67.2%. Physical damage was 
e v i d e n t  i n  only 7.3% a t  dead recaptures.  ~ t i u ~ e d  n i o r t a ~  i t y  da ta  on 

1975 ruiis ( ' l ~ b i e  9)  resulted i n  a lnearli unadjusted r a . k  o f  62.t?% and an 
adg'usted r a t e  ( i  n c o r p o r a t i  ng hand1 i ng 1 osses o.f cont ro l  groups)  o f  

40..2%* Serchuk f e l t  the d!.spar.ity i n  mortal i ty  r a t e s  might be 
s x p l  a i ned by the increased summer stress i nduc.ed by h i g h e r  water 
l.empcratur.e arid pro'longed h a n d 1  ing.  No d iscern ib le  relationship cou ld  
be e s t ah l  i shed between mean f i s h  l ength  and mortal i . ty  r a t e .  

To f u r t h e r  exailli ne the  cJize-trior.tal i t y  re la t ionship ,  Serchuk. 
repeated h i  CJ T-UIIS in  1974, u s i n g  v a r i o u s - s  i zed p i  ne and s p r w e  boards 
a s  organ i sinal arni t s  ( T a b l e  1 0 )  ~ Duri ng the pump i ng oiock ~ recovery and 

damage r a t e  general 'ly increase w i t h  board s i z e .  The sinaller boards 
experienced rnininial damage, whereas nearly 100% damage was reported i n  

the  larger  (660-mm) boards.  The same re la t ionship  between s ize  and 

msr.talit,y exa 's ted  d u r i n g  t,he generating cycle. However, as i n  the f i sh  
passage t r i a l s ,  a marked d i f f e r e n c e  i n  percentage o f  danage i s  noted 
for t h e  two cycles ,  with damage b e i n g  considerably higher i n  the  
pumping phase (Figure 1.4) I 

In d i s c u s s i n g  his  f-indings in the Lridingtorlr turbine-passage 
studies ~ Serchuk attributed the  d i spa r i ty  between pumping and 
generati ng mortal i ti es t o  t h e  di f fe rence  i I) wicket ga t e  s e t t - i  rigs ; the  
gates were 82% open during generation as oppose t o  65% open dur-ing 
pumping. This la rger  operiing would permit, t h e  safe  passage o f  f i s h  
over a wide . s i z e  range and would, therefore ,  permit a higher s u r v i v a l  

pate dur ing i.he generating ode. Results o f  the  board-passage 
experiment5 agreed with resul ts .  obtained from f i s h  t e s t  r u n s ,  further 
subs tan t ia t f ry  the ro le  o f  tu rb ine  design and operat ion,  a5 descr-ibed 
by Bell e t  a l .  (1963). Al though damage was shown t o  be d i r e c t l y  
p r o p o r t i  ana l  Lo  s i  ze i n the  board rims no cornparah1 e statement. cou ld  

by t h e  resirlts of the f i s h  runs .  Serchuk concluded t h a t  
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Table 10 (continued) 

Re c o v e red bo a r d s 
?: Damaged 

Number o f  Number of Number Number of  t h e  
T e s t  # and date ,  Board boards boards Recovery i n tae t ,  h i t  o r  recovered 
operational mode s i z e  (cm) introduced recovered (XI  no damage cracked boards 

#17 - 20 Oct 74, 
pumping 

#19 - 14 No!/ 74, 

Totals  

Pumping 

Generating 

15.2 
20.3 
30.5 
45.7 
61.0 

15.2 
20.3 
30.5 
45.7 
61.0 
66.0 

15.2 
20.3 
30.5 
45.7 
61.0 
66.0 

15.2 
30.5 
45.7 
61.0 

36 
49 
49 
49 
47 

49 
49 
49 
49 
49 
48 

224 
145 
242 
190 
185 
48 

1034 

100 
96 

1 0 1  
71 

368 

___I 

_c 

19 
27 
24 
44 
44 

2 1  
20 
24 
32 
43 
35 

103 
73 

126 
140 
159 

35 
636 

86 
84 
87 
63 

320 

- 

52.8 
55.1 
50.0 
90.0 
93.6 

42.9 

50.0 
65.3  
87.8 
72.9 

40.8 

46.0 
50.3 
5 2 . 1  
73.7  
85.9 
72.9 
61.5 

86.0 
87.5 
86.1 
88.7 
87.0 

- 

- 

18 
24 
15 
17 

6 

2 1  
15 
18 
9 
3 
1 

99 
61  
85 
49 
19 
1 

314 

83 
65 
49 
28 

225 

~ 

- 

1 
3 
9 
27 
38 

0 
5 
6 

23 
40 
34 

4 
1 2  
41 
91  

140 
34 

322 

3 
1 9  
38 
35 
95 

ss 

- 

5.3 
11. 1 
37.5 
61.4 
86.4 

0.0 
25.0 
25.0 
71.9 
93.0 
97.1 

n 
a 

3.9 
16.4 
32.5 
65.0 
88.1 
97.1 

3.5 
22.6 
43.7 
55.6  

i Source: Serehuk 1976. 
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the discrepancy between the  f i s h  and board r e s u l t s  could be explained 
by other  than mechanical fac tors .  The recapture o f  f i s h  w i t h  
pieces suggested the presence o f  shedr ing ac t ion ,  whereas metal 
p i t t i n g  o f  the  turbine blader; suggested cav i t a t ion .  Ira a d d i t i o n  t o  
mechanical i n j u r i e s  such d~ s lashes,  c u t s ,  o r  abrasions (43.4% i n  
pimping runs ,  53.1% i n  generating runs) ,  weekly observations o f  dead 
f i s h  i n  the  reservoi r  showed many deca i t a t e d  f i s h  and f i s k  w i t h  
broken g i l l  arches,  suggesting sheariny act ion.  Direct ly  comparing 
f i s h  mortal i ty  data w i t h  board r e s u l t s  o f  a s imi la r  s i z e  (305 mm) 
revealed that, b o t h  purrping and enerading f i s h  mor t a l i t i e s  were much 
higher than the damage r a t e s  o f  the board. T h i s ,  again,  would imply 
t h a t  f ac to r s  other  than mechanical e f f e c t s  a r e  inf 1 uencing f i s h  
mortal i ty .  

L i s t o n  e t  a l .  (1980) ran four mortal i ty  t e s t s  a t  Lzadington during 
the generating cycle u s i  rig rainbow trout. Combining a7 1 generating 
data  of the 1970 experiments, a mean adjusted mortal i ty  r a t e  ( 
control loss  r a t e )  of 35.7% was computed (Table 11). Using a one-week 
holding period, L i s t o n  reported a delayed mortal i ty  o f  66.3% compared 
t o  the 70% delayed mortal i ty  a f t e r  a 3-6 alding period reported by 
Serchuk (1976). Lis ton’s  experimental resul t.s i n  his 1978 
inves t iga t ions  a l so  indicated t h a t  tu rb ine  mortal i ty  did indeed e x i s t  
a t  the Ludington s i t e .  We concluded t h a t ,  because o f  the s imi l a r i t y  
i n  procedure t o  the 1974 and 4975 t e s t s ,  the  lower mortal i ty  r a t e  
( 3 5 , 7 % )  observed i n  1’378 could be re la ted  Lo lower water temperatures 
(Serchuk’ 5 mean adjusted mortal i t y  r a t e  o f  52.5% involved several  
A u g u s t  samplings), 

a thur  (19$0), reported ~ i ~ ~ p ~ ~ g  phase mortal i ty  o f  carp 
larvae t o  be 17% i n  t h e i r  invest igat ions a t  t h e  Muddy Run Pumped 
Storage Fac i l i t y .  In  t h e i r  runs w i t h  adu l t  channel c a t f i s h ,  brown 
bullhead, white crappie ,  carp,  and smallmouth bass during t h e  pumping 
cyc le ,  a 75% mortal i ty  resulted. However, i t  was concluded t h a t  the 
mortal i t y  es t imate  i y h t  have been influenced tay t h e  method o f  
introducing f ish j n t o  the intake area arid, therefore ,  should not be 
considered an accurate assessment. 
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A 1  though natural  mortal i t i e s  have been observed a t  the %vluc%dy Run 

Pumped S t o ~ ~ i ~ g t .  Project  s ince i t s  opera t ion  i r i  1966, no i‘ndjcation o f  

any power-pl ant-re1 ated causes \ ~ r w  evidenced (Robbi ns and Mathur 
1976). Occasionally, 1 ive chaiiniel c a t f i s h  arid wti-itx crappie were 
caught. t h a t  ha.d missing c a ~ d a l  f i n s  and other  .injuries. Saziipl ing 
procedures hi fadered several  attempts :it assessing mortal i - t y  est imates ,  
and t h e  75% p m p i n g  mortal i ty  described by I4eis.y arid Mathur (1980) i s  
q u e s t i o n e d  by the i n v e s  t i ga to r s  because t h e  estimate was i n f l  uenir,-ed by 
mortdl it-l’es associated w i t h  the way i n  which . f i s h  were introduced i n t o  
the plant  intake area.  

I n  the inves t iga t ion  o f  p w s s u r e  e f f e c t s  by Foye and Scot t  (1965) 
a t  the Pleasant Ridgc! pumped-storage f a c i l i t y  (Table 1 2 )  ~ test, f i s h  
grouped by syec i  e s  e x h i b i t e d  extreme and et.r*ati c v i 01 ent  swi mmi ng 
ac t iv- t ty  fo r  the f i r s t  3 o r  4 s a f t e r  exposure t o  a ~ W S S ~ J Y Y  o f  
2067 kPa (300 p s i ) .  Salmoii, lake .trout, and la rger  pickerel reacted 
less  v io len t ly  ten the pressure than d i d  yellow perch, f a l l f i s h ,  and  
cciimmon sh iners .  Between pressures o f  2067 kPa ( 3 0 0 )  and 689 kPa ( S O 0  

p s i ) ,  many -fish appeared t o  have s l i g h t l y  arched bodies and inwardly 
depressed b e l l i e s .  Most, f - i s h  s e t t l e d  t o  the bot.tam o f  the tank unt i l  
pressure was reduced t o  atmospher.ic. Uuri ng the 7-d  o b s e r v a t i o n  time 
a f t e r  exposure, no mortal i ty  occurred i n  the salmon, lake t r o u t ,  o r  
fal1f. ish.  After 24 h, t h e  yellow perch . t e s t  groups recorded 
martal i t , ies  o f  20 and 40%. T h i s  value rose 2.0 60% a t  t h e  end of 7 d .  

O f  the  two pickerel  groups,  one group e x h i b i t e d  no mor ta l i ty ,  atid the 
other  exhibited 20% mortal i ty .  After 7 d ,  mortal i ty  reached 20 and 
60% respect ively.  .The h ighes t  rnortal i ty  ~ c c i r r r e d  w i  t h i  FI .the common 
sh iners ,  with the two groups ranging from 26 t o  46% mortal i ty  i n  the  
f i r s t  24-h per iod .  A week l a t e r ,  th.is percentage increased -to 42 and 
80% respect ively.  Although mor ta l i t i e s  were evidenced in a.l.1 species ,  
and even reached as high as  80% i n  common sh iners ,  only yellow perch 
exhibited v i s i b l e  damage, w i t h  Pour having ruptured a i r  bladders and 
three having hemorrhagic kidneys. A1 though the inves t iga tors  
concl tided t h a t  the pressurws encountered i n  the pumpi n y  operation w i  1 1  
probably n o t  complekly el iminate  any species, t h i s  evidence suggested 
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- lable 12. Mortali ty d a t a  o f  Pleasant Ridge pressure experiments 

% Mortal i i y  , 7: Fiiortal i t y ,  Vi sib1 e 
Number by species 24 h 7 d  phys i i a l  damage 

Salmon 

Group  I ( 3 5 )  

Group I1 (35) 

Lake t rout ,  
Group I (25)  
Group I1  (25) 

Fa1 I f  i sh 

Group I (17 )  
Group I1 (17 )  

Ye1 1 ow perch 
Group 5 (5)  

Group T I  (5)  

Chain pickerel 
Group I (5)  
Group I1 ( 5 )  

Common sh i  iier 
Group I (16) 
Group I1  (16) 

0% 
0% 

0% 

0% 

0% 
0% 

20% 

40% 

0% 

20% 

26% 

46% 

0% 

0% 

0% 

0% 

0% 

O X  

6 0% 

60% 

20% 

6 0% 

4 r u p t u r e d  
a i r  b ladders  

kidneys 
3 hemorrhagic 

42% 
80% 

Source: Foye and S c o t t  1965. 
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t h a t  the pumping operation may influence the f . i s h  population of 
Pleasant Midge. 

U s i n g  various l i f e - cyc le  s tages  o f  s t r iped  bass and three  
sophis t icated pressure chambers ~ Reck e t  a l .  (1975) hoped t o  present 
Some evidence of pressure regi e e f f e c t s  encountered during both 
pumping and generating cycles .  For most  runs, the survival t-imes 
d i f fe red  only  s l igh . t ly ,  i f  a t  a l l ,  between rxper-iniental and control 
groups. F u r  the groiip observed immediately a f t e r  exposure, only the 
4 d ,  1.0 h larvae showed a s ign i f i can t  difference in survival time i n  
pressures l e s s  than atmospheric (Table 13). The only other  
s ign i f i can t  difference occurred 1. d a f t e r  exposure fo r  t h e  7 d ,  1 2  h 
1 arvae.  

After intensive t e s t i n g  for  hydrostat ic  pressure e f f e c t s ,  Beck e t  
a l .  (1975) pr'oposecl t h a t  addi t ional  research be conducted t o  consider 
the ro l e  o f  other  f ac to r s  influencing survival ~ Of pa r t i cu la r  concern 
i s  the  re la t ionship  between the l i f e  cycle s tage of t h e  entrained 
organism and i t s  acclimation pressure.  

3 . 4  Analysis of Studies Cited 

Whi l e  a comparison of r e s u l t s  o f  the  turbine niortal i t y  s tudies  
undertaken a t  v a r i o u s  pumped-storage s i t e s  would be des i rab le ,  t h i s  
would n o t  be completely prac t ica l  because each s i t e  i s  unique. Such 
parameters as the physical design and operation o f  the  f a c i l i t y ,  t he  
species composition o f  the  reservoi r  f i s h e r i e s ,  and reservoi r  
hydrology vary from s i t e  t o  s i t e  and make even general comparisons 
d i f f t c u l t .  Consideration must be  given t o  the  f luc tua t ing  water 
leve ls  during plant  operation as  well as the t u r b i d i t y ,  temperature, 
and veloci ty  o f  water passing through the power s t a t i o n .  The 
re la t ionship  o f  plant  operation t o  t he  l i f e  cycle s tage o f  the  
resident  species a l so  influences sampling data.  Snyder (1975) 
reported t h a t  6 .5  times as  many larvae were pumped from Conowingo Pond 
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(Muddy Run  Pumped Storage F a c i l i t y )  i n t o  the upper reservoi r  than were 
returned d u r i  ny generation. L i  kewise) Pri nce and  Mengel (1980) 
recorded tha t  6 times as many enLrained f i s h  dur-iny the p imping  phase 
o f  the ,Jocassee p l a n t  .than were fo~iaad d u r i n g  generation. Sny 

(1975) suggested tha-L the Muddy Run  p u m p i n g  schecl~11e he a l t e r ed  t o  
reduce entrainment. By 1 imiting pumping to daylight h o u r s  (mostly 
weekends, when excess e l e c t r i c i t y  i s  avai 1 ab1 e )  ~ fewer young f i s h  
would b e  entrained because the young o f  many s p e c i e s  are  believed ,to 
congregate near the bottom o r  i II p r n t e c t d  areas diwi iilg day1 i g h t  
hours. Snyder 's  concern f u r  species vu1ner.aPa.i~I i.ty vrl'ng spawni ny 
seasons i s  shared tiy Anderson (19771, who rlcport,cd t h a t  salmwn.ids a re  
most suscept ible  t o  entrainment, by ;a ~ ~ ~ ~ c d - s ~ o r ~ ~ ~ ?  sysi-e 

spawning runs. He a- t . t r ibuted t h i s  s u s c e p t i b i ?  i t y  t o  the attrdction o f  
these anadrnmnus species t o  eddies and cur ren ts  t h a t  emanate f r o m  t h e  
power p lan t .  

The sampl i ng procedure i t s e  1 f c e r t a in ly  i n f l  iiences the  t e s t  
r e s u l t s .  By u s i n g  a me i f ica t l 'on  o f  Johnson's (197Q) tagging 
methodology, Serchuk (19763 achieved r e l a t i v e  success i n  tagging and 
recovering adequate numbers o f  f i s h  f o r  s t a t i s t i c a l  data ana lys i s .  
However, he does show some concern f o r  t he  e.f fee: t  o f  bo th  the f l o a t ,  
attachment and the net-bag enclosure on t.he or ien ta t ion  and survival 
o f  f i s h  undergoing pump-turbine passage. O f  par t i cu la r  ctaiicern a re  
the possible adverse e f f e c t s  o f  bag confinement, which may l i m i t  f i s h  

nrovement. 'The f ina l  r e s u l t s  were a l so  a f fec ted  by locat ion anel n u  
o f  recapture crews because only recapture f i s h  were used t o  compute 
mortal i t y  r a t e s .  A l s o  contr ibut ing t o  the overall rsscrl-t.s i s  the 
percentage o f  f i s h  successful ly  released -to the turbines .  Serchuk 
(1976) found tha t  turbine entry was seldom complete; several specimens 
were iden t i f i ed  t h a t  had been caught i n  the t r a sh  s l o t s  o r  recaptured 
many miles f rom the p lan t  because they f a i l e d  t o  en te r  t h e  turbine.  

Individual s i t e  r e s u l t s  were a l so  influenced by species 
composition and the  time o f  the  year i n  which col lect ions were made. 
Serchuk (1976) reported a 1974 generating mortal i ty  of 67.2%, which 
was considerably higher than the 40.7% observed in 1975. He explained 
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t h i s  discrepancy by the f a c t  t h d t  t h e  1974 s tudies  included ycllo\g 
perch,  which are  physocl i s tous  and m o w  prone t o  pwssure-related 
injury t han  the  physostomous brook t r o u t  (Beck ~ t ,  a l .  1375). Although 
the mean adjusted mortal i t y  values 'JPTP a d j u s t ~ d  f o r  "hand1 i ny 

mor ta l i t i e s  ,I' t h e  ha td l  i ng e f f r c t s  w r c  probab?y  more detrimental 
during warm weather sampl i'ng and could have msked o t h p r  e r f e s t s .  

For a l l  pumped-sloraye s i t e s ,  an assessment of f i s h  tirrhine 
mortal i t y  i s  rneani n g f u l  o n l y  when integrated wi til o t k r  populati'on and 
ecological parameters t h a t  toge ther  contr ibute  t o  an overal l  
understanding o f  the pnt,ire area A more a rcu ra t r  predict ion o f  t o t a l  
l a k  and reservoi r  populations are  needed before mortal i ty  PStiinate5 
can be o f  use. Serchuk (1976) sutjqests t h a t ,  al thouqh popblation 
figures a re  de f in i t e ly  needed, the  to t a l  impact must  a l s o  bP re la ted  
t o  t h e  s t r e s s  o f  t h e  mortal i ty  on t h e  surviving p o p u l a t i o n .  P,lthough 
many compensatory inechdni m s  are i n e f f e c t  t o  deal with population 
f luc tua t ions ,  a c l e a r  pictiire o f  species res i l iency  i n  pumpcd-storage 
reservoirs  i s  1 acki tig. 



The t u r b i  ne-re1 ated f-â  sh mortal i t y  invest i g a t i  ons  t h a t  are  
associated w i  t h  conventional hydroel ectrli c. i n s t a l  1 a t i o n s  consisted o f  

model and prototype s tudies .  The model s tud ies  were performed 
primarily on models of Francis runners and successful l y  demonstrated 
the e f f e c t  o f  head, runner speed ,  tai lwater.  e leva t ion ,  and b l a d d g a t e  
clearance o n  f i s h  mortal i ty .  Although made1 s tudies  p ~ ~ ~ v i d e d  ins ight  
i n t o  how f i s h  mortal i ty  was influencPri b>y differences i n  t ,urbir ie 

design and operat ion,  i t  d i d  riot appear feasible t o  extrapolate  t h ~  
study resu? t5 t o  prototype s tudies .  

Prototype s tudies  were performed primarily a t  high-head 
i n s t a l l a t i o n s  equipped with Francis riiriners and a t  low-head p l an t s  
where Kaplan t'untiers were ins ta l  l ed .  The r e s u l t s  of  these 
indicated t h a t  the nature and ex ten t  o f  f i s h  mortal i ty  w,. a re  re 
the engineering design c h a r a c t e r i s t i c s  o f  the turbine.  A 
wirier  has a la rger  number o f  blades;  thus ,  the slegre~ of c 
(blade/blade and blade/gate) s t rongly influences the magnil 

s t u d i e s  

ated t o  
Francis 
e a rat) c e 
Jde and 

type of injury.  A Kaplari runner has fewer blades t o  provide hiyher 
speed and outpiit for a given head arid runner s i ze .  However, t h i s  
design r e s u l t s  i n  g r ea t e r  b l a d e  loading and, thus ,  more c r i t i c a l  
cav i ta t ion  c h a r a c t e r i s t i c s  (Mayo 1979).  Hydraulic head arid sigma (see 
p .  16) influenced the nature and extent  o f  injury o f  f i sh  tes ted  orr 
Kapl an prototypes" 

T h e  overal l  conclusion o f  d i f f e r e n t  types of s tud ies  undertaken 
using b o t h  Francis and Kaplan runners i s  t h a t  highest survival O C C ~ P S  

during times when  the turbine i s  operating a t  maximum ef f ic iency .  
Power loadings should be properly adjusted t o  achieve highest  
e f f i c i ency ,  pa r t i cu la r ly  during times of downstream f i s h  migration. 
Studies such as those cur ren t ly  being conducted a t  some of  the 
mid-Columbia River dams may de tec t  the peak migration times with sonar 
devices. T h i s  type o f  information can be passed Lo the powerhouse 
operators so t h a t  the turb ine  uni t s  a r e  operated a t  h i g h  e f f i c i enc ie s .  
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Under normal operating conditions,  losses  from turbines  a re  expected 
t n  range between 10  and 2S%, b u t  may be decreased i.f loads a re  reduced 
t o  around 70% o f  the tu rb ine ' s  maximum rated capacity.  

I t  i s  important t o  p u t  turbine-related f i s h  moi-tality a t  
conventional hydroelectric f a c i l i t i e s  i n t o  perspective.  
Turbine.-rela'ced mortal i ty  i s  only one o f  many causes o f  mortal i ty  t o  
downstream migrating juveni les  as a r e s u l t  o f  hydropower development; 
other fac tors  a f fec t ing  survival a r e  spillways, downstream passage 
f a c i l i t i e s ,  predation, and delay in migration. The Snake and Columbia 
River systems provide examples where impacts t o  downstream migrants 
may be pa r t i cu la r ly  severe. Juvenile stages may encounter as niany as 
e ight  t o  ten dams in t h e i r  passage t o  the sea. Collective losses have 
been examined by Raymond (1979) and Bell e t  a l .  (1976).  Ongoing 
research a t  the public u t i l i t y  dams on the mid--Coluinbia River may 
prou-ide some ins ight  in to  passage t h r o u g h  ;I se r i e s  of hydraulic 
s t ruc tu res .  As more powerhouses and storage projects  a re  completed, 
proportionately inore water wil l  be passed through generating uti i ts ,  
making turbine-related mortal i ty  an increasing concern. Mi t iga t ion  o f  

t h i s  impact appears t o  l i e  with the development and ref.inement o f  f i s h  
passage and t ransportat ion systems and w i t h  e f f i c i e n t  operation of the 
turbines .  

There i s  very l i t t l e  research described in the l i teratbire  on the 
e f f e c t s  of turbine passage on f i s h  a t  yumped-storage hydroelectric 
fac i  1 i t i e s , .  Personal communication with invest igators  current ly  
involved i n  such work emphasizes the d i f f i c u l t y  in  designing sampling 
techniques applicable t o  the uniqueness o f  pumped-storage operation. 
This has been t h e  major i i i ipedirnsnt t o  in-depth invest igat ions.  
However, ongoing research at several pumped-storage in s t a l  1 a t i  ons has 
shown t h a t  f i s h  .turbine mortal i ty  does indeed occur during both  
pumping and generating cycles.  The f i sh inor t a l  i t y  observed d u r i n g  the 
pumping phase was always considerably higher than t h a t  recorded during 
the generating mode. A possible explanation for  t h i s  dispar f ty  i s  the  
wider wicket gate opening during t h e  generating cycle ,  permitt ing 
sa fe r  passage. In addi t ion ,  the majority o f  deaths were c l a s s i f i e d  as  
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de layed because mor ta l  i ty  was recorded seve ra l  days d f t e r  passdge 

occurred.  D u p l i c a t e  passage exper iments,  s u b s t i t u t i n g  spruce and p i n e  

boards f o r  t h e  f i s h ,  a l s o  r e s u l t e d  i n  a h i g h e r  damage r a t e  d u r i n g  the 
pumping phase, A d d i t i o n a l l y ,  a size-damage r e l a t i o n s h i p  was observed, 

w i t h  s m a l l e r  boards e x h i b i t i n g  min imal  damage as compared w i t h  n e a r l y  

100% damage i n  l a r g e r  board samples. A l though t h i s  was n o t  

demonstrated i n  t h e  f i s h  runs ,  a passage r u n  u s i n g  o n l y  l a r g e r  f i s h  

r e s u l t e d  i n  a cons ide rab ly  h i g h e r  mor ta l  i t y  r a t e .  Comparing 

percentages o f  damaged specimens i n  f i s h  and board exper iments,  b o t h  

genera t i ng  and pumping f i s h  m o r t a l i t i e s  were much h i g h e r  than  t h e  

damage r a t e s  f o r  boards. This  c o u l d  be exp la ined  by t h e  i n f l u e n c e  on 

f i s h  m o r t a l i t y  o f  f a c t o r s  o t h e r  than  mechanical.  L i t t l e  has been done 

a t  pumped-storage s i t e s  t o  examine t h e  ex i s tence  o f  p ressure  e f f e c t s .  

P r e l i m i n a r y  i n v e s t i g a t i o n  has shown b o t h  immediate and delayed 

p r e s s u r e - r e l a t e d  m o r t a l i t i e s  o c c u r r i n g  d u r i n g  s imu la ted  pumping 

c o n d i t i o n s ,  w i t h  r u p t u r e d  a i r  b ladders  o c c u r r i n g  i n  Some specimens. 

The l i m i t e d  work done on t u r b i n e - r e l a t e d  m o r t a l i t y  i n  

pumped-storage opera t i ons  prec ludes  i t  f r o m  d e t a i l e d  comparison w i t h  

s t u d i e s  conducted a t  conven t iona l  h y d r o e l e c t r i c  p l a n t s .  However, b o t h  

mechanical and p r e s s u r e - r e l a t e d  f a c t o r s  appear t o  be i m p o r t a n t  i n  t h e  

na tu re  and e x t e n t  o f  f i s h  m o r t a l i t y  a t  b o t h  types  o f  h y d r o e l e c t r i c  

f a c i l i t i e s .  The improvement o f  recove ry  methods f o r  f i s h  t e s t e d  i n  

pumped-storage opera t i ons  may p e r m i t  t h e  e x t e n t  and causes a f  

t u r b i n e - r e l a t e d  m o r t a l i t y  t o  be b e t t e r  d e l i n e a t e d .  

The s u b s t a n t i v e  f i n d i n g s  o f  t h i s  document and how they  r e l a t e  t o  

t h e  renewed i n t e r e s t  i n  deve lop ing  sma l l - sca le  hydropower p r o j e c t s  can 
be b r i e f l y  summarized as f o l l o w s :  

1. Turb ine  passage i n  b o t h  r e v e r s i b l e  and i r r e v e r s i b l e  
h y d r o e l e c t r i c  f a c i l i t i e s  can and w i l l  k i l l  f i s h .  

2. The e x t e n t  o f  f i s h  m o r t a l i t y  may be decreased by 
t u r b i n e  des ign  c o n s i d e r a t i o n s .  

3. The e x t e n t  o f  f i s h  m o r t a l i t y  may be decreased by 
c e r t a i n  o p e r a t i n g  c o n d i t i o n s .  
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4. Although t u r b i n e  design fea tures  and operating 
condi t i  ons are  speci f i ed by s k u d i  es conducted t o  da te  
s i l e - s p e e i f i c  concerns shou ld  still be evaluated. 

5. The re la t ionship  o f  s tu t i ies  conducted t o  da te  t o  t h e  
newer t i irbinc t le$igns, which are  cur ren t ly  b e i n g  
installed i n  small -scale hyclrnpower operations, i s  
unclear; more da ta  need t o  be obtained on more modern 
smdl l-sc;l,Je prototypes.  
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ADJUSTABLE-BLADE PROPELLER TURBINE - A t u r b i n e  hav ing a r i inner  w i t h  a 

smal l  number of  b lades ,  u s u a l l y  f o u r  t o  e i g h t ,  t o  which t h e  water 

i s  s u p p l i e d  i n  a w h i r l i n g  a x i a l  d i r e c t i o n ;  t h e  blades a rp  
a n g u l a r l y  a d j u s t a b l e  i n  t h e  hub. 

AXIAL. FLOW - A f l o w  of  water  e s s e n t i a l l y  p a r a l l e l  t o  t h e  main a x i s  o f  
a h y d r a u l i c  t u r b i n e ,  pcimp, or  water  passage. 

BULB - The stream1 i i i e d  water t ight ,  housing f o r  a genera to r .  

BULB UNIT - A u n i t  c o n s i s t i r i g  o f  a h o r i z o n t a l  s h a f t  t u r b i n e  and 

c lose-coupled genera to r ,  which a r e  b o t h  enclosed i n  a b u l b  

l o c a t e d  d i r e c t l y  i n  the water passage. 

C A V I T A T I O N  - She Format ion o f  p a r t i a l  vaciiiims i n  a l i q u i d  by a s w i f t l y  

moving s o l i d  body such as a p r o p e l l e r .  

DRAFT IUBk c The s e c t i o n  of  the t u r b i n e  water passage t h a t  extends 

from the d ischarge s i d e  o f  the t u r b i n e  runner  t o  t h e  downstream 

e x t r e m i t y  o f  t h e  powerhouse s t r u c t u r e .  

FIXED-BLADE PROPELLER TURBINE - A t u r b i n e  hav ing a runner  w i t h  a smal l  

number o f  b lades,  u s u a l l y  f o u r  t o  e i g h t ,  t o  which t h e  w t e r  i s  

s u p p l i e d  i n  a w h i r l i n g  a x i a l  d i r e c t i o n ;  t h e  b l a d e s  a r e  r i g i d l y  

fas tened  t o  t h e  hub. 

FRANCIS TURBINE - A t u r b i n e  hav ing  a l a r g e  number o f  f i x e d  buckets ,  

usually n i n e  o r  more, t o  which t h e  water  i s  s u p p l i e d  i n  a 

w h i r l i n g  r a d i a l  d i r e c t i o n .  

IMPULSE TURBINE - A t u r b i n e  hav ing  one of- more f r e e  j e t s  d i s c h a r g i n g  

i n t o  an ae ra ted  space and imp ing ing  on t h e  buckets o f  t h e  runner. 
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P R O ~ I @ l 3 ’ P E  S T W Y  - A f i e l d  i nves t iga t ion  a t  a s p e c i f i r  i.es?it w i t h i n  a 
powerhouse. 

REACTION T U R B I N E  .- A t u r b i n e  t m v i n q  a water scipply case, a mechariism 

f o r  c a n t r o l l i n g  the quan t i ty  o f  water* and for d i s t , r i b u t i n g  i t  

equally over the  e n t i r e  runner i n t a k e ,  and a dinaft tirbc 

REVERSIBLE ~ ~ ~ ~ ~ ~ L I ~ B ~ ~ E  - A F r a n c i  s-type t u r b i n e  desigried t o  operate 
a5 a pump i n  one directaiuai  o f  rc~t~c~. t im and as a turbine in t h e  
opposi te  d i r ec t ion  o f  r o t a t i o n .  

R U N N E R  - The r o t a t i n g  element o f  the t u r b i n e ,  which converts  hydraulic 
energy i n t o  mechanical energy. 
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TUBULAR 'TURBINE - An axia l - f low,  propel ler-type t u r b i n e ,  which may 

have e i t h e r  a v c r t i c a l ,  h o r i / o i i i . a l ,  o r  i n c l i i i e d  s h a f t .  

W L C K E I  GATES - The angularly adjustable, st,rearnlined e lements  t h a t  

control the f low o f  water  t o  t h e  t u r b i n e  o r  control t h e  discharge 
from t h e  pump. 

Technical terms re fe r r ing  t o  t u r b i n e  desl'yn and operation taken a 

f rom Allis-Chalmers Corporat,ion (undated). 
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M i l o  c.  Bell College o f  Fishcubips 
Un i vcrs i %y o f  !*!ash i riq t :\ n 
Se; l tLlp l  !$A 98195 t i i t 4 i  i nc s twd i  cs  
205-543-4287 
( H O I W )  206-35S 4471 

A i i t h Q r  j t y  oii Columbia 
R i v p r  f i s h  pass3ge ~ 

Mike 0 ~ 1 1  Grant  County PuoliL 
U t i l i t i e s  D i v i 5 i o n  

P .  0. Box 87ti 
Ephratn,  WA 9,8871 
503-754 3‘141 
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SOURCES OF INFORMATION ON FISH TURBINE MORTALITY 
(Conti ntied) 

Area o f  Exjer t i  se __ .I____ Contact Agency ... and Address 

Glen H. Geen Department o f  Biological Revi ewed hydroel ec t r i  c 
Sc i E I I C ~ S  powe r/Canada 

Simon Fraser University 
Buriiaby, Bri t ish Columbia 
Canada V5A 1S6 
604-291-3536 

E .  P .  Gould U .  S .  Army Corps o f  Engineers General information 
Northeast Division 
424 Trapelo Road 
Waltharn, MA 02159 
617-894-2400; Ext.  313 

Marshal 1 Goul d i  ng Chie f  Engineer, Susquehanna Instream flow data  
River Basin Commission 

1721 N .  Front S t r e e t  
H a r ~ i  sburg , PA 17102 
7 1  7-  238-0424 

John Gregg Chief Engineer, Douglas U t i l i t i e s '  r o l e  i n  
Counly Public U t i l i t i e s  hydroelectr ic  research 
D i  v i  s i  on 

1151 Valley Mall Parkway 
E .  Idenatchee, WA 98801 
509-884- 7191 

Richard W. Gregory University o f  Florida 
Cooperative Fishery 

Gai nesvi 1 1  e , FL 32611 
904- 392- 1861 

Research U n i t  

John Gulvas Corisermers Power Conpany 
1945 bd. Parnall Road 
Jackson, M I  43204 
517-788-0559 

Jim Haas Department of F i s h  and 

P.  0. Box 3503 
Portland, O R  95208 
503- 229- 543 3 

Wi 1 d l  i f e  

Provided innumerable 
contacts  

o f  Ludington Reservoir 

Ice t r a sh  sluiceway/ 
guidance s t ruc tu res  
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SOURCES OF ~ ~ F O ~ ~ ~ ~ ~ ~ O N  ON FISH TURBINE MORTALITY 
(Cont inued) 

Contact  &ncy ..___. and Address ___lll 

D i r e c t o r ,  Department o f  
Na t ll ra 1 Re 5 0 u rc  e s 

W i 1 d 1 i f e  Admi n i s trat i on 
Anapo l i s ,  MD 21401 
301-269-2752 

Joseph T. Johnson Environmental  Assessment 
and Suppor t  S t a f f  

Energy Demonstrat ions 
and Technology 

1110 Chestnut S t r e e t  Tower I1 
Chattanooga, TN 37401 
615-755-6531 

John Kelso Department o f  F i s h e r i e s  

875 Queen S t r e e t ,  E. 
Sau l t  Ste. Mar ie  
Ottawa, O n t a r i o ,  Canada 
PSA 2B3 
705-942-2848 

and Oceans 

W i  11 jam Knapp USFWS 
1 Gateway Center - S u i t e  700 
Newton Corner,  MA 02158 
617- 965- 5100 

Robert  Lackey USFWS -. Eas te rn  Energy and 
Land Use Team 

K e a r n e y s v i l l e ,  WV 25430 
304-925-2061 

Boyd Kynard 

B e r n i e  Letnan 

assachuset ts  Cooperat ive 
F i s h e r i e s  U n i t  

U n i v e r s i t y  o f  Massachusetts 
Amherst, MA 01003 
413- 545- 2011 

Chelan County P u b l i c  U t i l i t y  
D i s t r i c t  

Wenatchee, WA 98801 
509-663-8121 

Area o f  Exoer- t ise 

Prov ided exce l  1 e n t  
contacts/pumped 
s to rage  

Entra inmenUimpinge-  
me t i  t /Grea t Lakes 

Suggested Rizzo and 
Kynard c o n t a c t s  

Water resources group 
1 eader/general  i n f o r -  
m a t i  on 

P r o j e c t  1 eader/ 
Connec t i cu t  R i v e r  
p r o j e c t  

B u l b  - tu rb i  ne 
m o r t a l i t y  r e p o r t s  



1 nn 

SCIIJRCES OF INFOKivlAIlUN ON !-ISH T U R B T N E  
(Cont inued) 

Di 1 i p Matiiur 

A l f r e d  L .  M e i s t c r  

James Pu'nrthl-up 

Raymorld C.  01 i q i l e r  

Agsnsy and Address 

Dcpdrerrrent o f  k i s h e r i e s  and 

Mich igan S t a t e  U n i v e r s i t y  
E a s t  Lansinq, MI 48824 
517 35h -41/ i 

Wild l i f e  

U. S. flrrny Eng ineer  D i v i s i o n  
Nor th  P a c i f i c  D i v i s i o n  
P. 0. Box 2870 
P o r t 1  and, Orcguii 97208 
503-221-3828 

RMC - tcological D i v i s i o n  
Muddy Run Ecological 

I abora to ry  
P. 0. Box 10 
Druniure, PA 1 6 5  811 
117 548-7111 

A1 1 i s-Chalmers Corpora t i on  
Las t  B e v l i n  Road 
Rox /12 
York, PA 17405 
7 17 -792- 353 I 

A t l a n t i c  Sea Run Salmon 
Commission 

Bui 1 d i n g  34, Idaho Avenue 
Bangor, ME 04401 
707- 34/-86?/ 

Appal a t h i a r i  P Q W ~  Company 
Roanoke, VA 24015 
103-344-1411 

\.la1 l a  Wa7 1;: D i s t r i c t  
Corps o f  t n g i n c c r s  
Rtnl d i  ng 502 
C i  ty -County A i r p o r t  
! h l  l a  Mal l a ,  WA 39352 
509 525-5500; E x t  340 

A r e a  o f  E x p e r t i s e  

Puiiiped-s Lorage t u r h i  ne 
m o r t a l i t y  work a t  
Ludinyton,  M I  

Turb ine  m o r t a l i t y / f i s h  
passaqe c o n t a c t s  and 
i n 'io r n a  1 i o n 

Review of  sampling 
techniques used i n  
moni  tori ng purnped- 
s to rage  f a c i  1 i t i e s  

H y d r o e l e c t r i c  t u r b i  nes/ 
eng ineer ing  aspects 

GPneral i n f o t m a t i o n  

Know1 edge of  u t i  1 i t y  
research r o l  F! 

F i n g e r l i n g  rnL i r ta l i t y /  
t u r b i n e  e f f i c i e n c y  
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SOURCES OF INFORMATION ON FISH TURBINE MORTALITY 
( C o n t i  nued) 

Contact Agency and Address 

James Oliver USFWS 
500 N . E .  Multaomah S t r e e t  
Portland, Oregon 97232 
503-221-3859 

Tony Pacheco National Marine Fisher ies  
Service 

Fish. Cntr, 
Middle At lan t ic  Coastal 

Sandy Hook Laboratory 
H i  ghl ands , NJ 07732 
201-872-0200 

Russ Porter  

Steve Rideout 

Ben Rizzo 

C. P. Ruggles 

Gary Rush  

Pac i f ic  Marine Fisher ies  

528 S.W. Mills S t r e e t  
Portland, OR 97201 
503-229-5840 

Commission 

U.S. F i s h  and Wildl i fe  

4 Wkalley S t r e e t  
Hadley, MA 01035 
413-586-4416 

Service 

Bureau of Sport  Fisher ies  

USFWS 
1 Gateway Center - Sui t e  700 
Newton Corner, MA 02158 
617-965-5100; Ext.  287 

and Wildl i fe  

Area o f  Expertise 

Columbia River 
Project  f i s h e r i e s  
research 

Moni toring/Cornwall 
Pro j .  

General information 

Coordinator f o r  the 
Connecticut River 
Project  

F i s h  passage work 

Executive Biologis t  Expert i n  overal l  
Montreal Engineering, Ltd. turbine mortal i t y  
Garrison Place work i n Canada/Sal mon 
1526 Dresden Row - downstream passage 
Halifax,  Nova Scot ia  
B3J 351 
902-426-3594 

Environmental Engineer General information 
Philadelphia E lec t r i c  Company contact  
2301 Market S t r e e t  
P h i  1 adel p h i  a ,  P A  19101 
215-841-4000 
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SOURCES OF INFORMATION ON FISH T U R B I N E  MORTALITY 
(Continuwi) 

Area o f  Expertise AgrencL!....?ncl__A_ddC?s? .................... . ,. ___.. ..................... Contact 

0.  S c a r w t t  St. Andreids !3i o l  o y i  cal F i s hcri cs  bi ol o g i  s t  
Stat ion 
New BrXunsw:'ck, Canada 
FOG 2x0 
5 (1 6 - 5 2 9 - 88 5 (I- 

K. E. H .  Smith 

0. Sproul 

Q .  J .  Stober 

Freshwater and Anadromous Mortali ty t e s t s  on 
Division, Resource Branch juveni le  salinori a t  

Department o f  F i s h e r i e s  Canadian darn s i t e s  
and Oceans 

P. 0. Box ,550 
Halifax,  Nova Scot ia  B3J 2'51 
902-426-3594 

Ci v i  1 Eng-i iieeri ng Department Effects  o f  super" 
Ohio Sta t e  University satut*ated gases 
Columbus ~ O h i o  43210 he low 60'  dam 
6 14- 4 22- 27 'I 1 

F i  sher igs  Research I n s t i t u t e  k v i  sed n e t s  t o  im- 
College of Fisher ies  
Universi ty  o f  Washi t igtr~r i  
S e a t t l e ,  MA 98195 f i l c i  1 i ty (Banks 1 ake, 
206-543-3041 !4M ) 

prove qampling a i  
pumped storage 

Andrew id. S t o u t  Internat ional  At lan t ic  Salmon General information 
9 South S t r e e t  
Hanover, N H  037.55 
603-643-6525 

L e w i s  Vogel US FWS Tail walnr s t u d i e s /  
Keservoi r S tudy  Team 
Fayettevi 1 1 e A R  727c) 1. 
501-521-3053 

nun-hydro s i t e s  

Charles Wallburg USFWS Gerieral information 
Easi Central Reservoir 

Study Team 
Lexington KY 
502-843-4376 
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& e r n c u d  Address 
I-. .... 111 

Walton Matt  Head, F i s h  Habitat  P r o t e c t i o n  
Freshwater atid Anadromous 

ReSoiJrce Branch 
Department o f  F i s h e r i e s  

and Oceans 
P. 0 .  Box 5563 
Hal i f ax ,  Nova Scot ia  
B 3 J  2s7 
9 0 2 - 4 2 6 - 3 6 0 Ei 

Division 

Don Wei tkanp 
13029 Not*thup ;day, S u i t e  R 
B e l  1 evbie ~ WA 98005 
2 06 - 4 5 5 - 25 5 0 

MO RTA I-. I TY 

Area of Expertise -___ 

Turb ine s t u d i e s  o f  
salmon niortal i ty /  
prepari rig 1 i t e r a t u w  
rev i ew 

Literature rev iew/  
tirrbi ne mortal i t y  
work 
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2% - 
297. 

298. 

298. 

300. 

302 e 

303. 

304- 

305. 

306. 

307. 

308. 

309. 

Alabama Energy Man 
F. J .  Andrew, I n t e  

f f a i r s ,  c/o Secre tary  o f  
i n g ,  Dover, DE 19901 
n, Canada Centre f a r  

Inland Waters, B ar-in, Canada 1-7 
)) College o f  Fisheries, 81 a"vers.ity ob ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ,  

Powet- 49, Research Inst i tute ,  P , Q *  Rax 10  
CA 94303 

Peter Brawn, Frankla 'r i  Pierce Law cen te r ,  En 
cOl3CQr'd, NH 03,707 

J .  D. ~ u ~ ~ i n ~ t ~ n ~  Cou c i l  on ~ ~ ~ ~ ~ ~ ~ ~ e n ~ a ~  @LB 
772 Jacksan P I  ace .Ma ,  ~ a ~ ~ i ~ ~ t ~ ~ ~  DC ?O 

Ral  ph Burr, Resource Appl i cations 
13th and ~ e n n s ~ l ~ ~ n i a  Avenue, N. 

W. W. Burr, Office o f  Wealth and E 
Department o f  Energy, Was ington, DC 905.45 

California Energy ~ o ~ ~ ~ s ~ ~ o ~ ~  1'911 Mowe venues ~~~r~~~~~~~ 
CA 95835 

J - Thomas Ca7 1 a h a n ,  Assoc ia ted  D i r e c t o r  
Program, Nat iona l  Science Foundation, 

J .  P. Clugston, USF S ,  206 Highway 843 
sc 29631 

epartment nF Energy 9 
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31 0. 

311 * 

31 2. 

31 3. 

31 4. 

?i 5 .  

31 6. 

31 7. 

358. 

31 9-37? 0 

324-338. 

329-333 c 

334-338 - 
339-343. 

3447348. 

343 -353. 

354-358. 

359-363 * 

364-368- 

369. 
370. 

377 . 
314. 

373. 

374. 



375. 

375 I 

389 a 

391 e 

397 d 

398 " 

481. 
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4 02 -462. 

463. 

464 e 

465. 

466. 

46 / .  

468 I 

469. 

470. 

471. 

472. 

473.  

474. 

475. 

476.  

477. 

418. 

479. 
480. 

481 . 
482. 

483-487. 

488. 

489. 

George Gi-.inics , P P S O U ~ C F !  Appl icitt-n’ ons , kpartrnent o f  Fnergy 
1 3 t h  and Peni lsy lvania Ave.,  N.W. , I.Jas”snngton, DC “04t;l 

P n i l i p  F. Gustafson, Rad io log i ca l  Physics P i v i s i o n ,  D-.?03, 
Ai*pnne Nat iona l  Laboratory,  9760 S. Cass Avenue , Wrgcanne , 
I L  5fi43 

Jim Haas, Depar-Lmnt o f  F i sk  arad Wildlifr, P.8. Sox 3503, 
P o r t 1  and , OR 97903 

Boh Hal b r i  teer , O h - f  t-n and  Gere I 1304 Buck1 ey Poad, Syracuse, 
NY 13721 

Gordon Hal 1 , r e n n ~ s s e e  V a l  ley Author-i ty, Evans Bui  1 cling, 
K n o x v i l l c ,  TN 37902 

Heyward H m ’ 1  ton,  J r . ,  Fcological Pesmrch D i v i s i o n ,  O f f i c e  

James R .  Manchay , I n s t i t i s t e  f o r  Water Pesources, K i  ngman 

Hal Hol1 i s t e r  , O f f i c e  o f  Wssi s t a n t  Sec re t a~y  of. Envi  ronmmt 

P e t e -  Honsc, O f f i c e  o f  Technolo$w Impacts, ZTepaa-trnertt o f  

Hydropowr Study Hanagm- , Bew Engl and RT’vey Basins Coiiwi ssion , 
53 S t a t e  S t ree t ,  30~to11,  MA O?lO9 

Ind iana Fncrgy Group,  11.5 North Penn5y;vania Street,  
Ind ianapo l  i s ;  I N  4 6 2 V  

I n s t i t u t e  o f  Na 1 u r a l  Resources 

Iowa Ene:-gy Pol i c y  Coimci l  , 707 E a s t  Locus t  Street ,  Des 

Robert M. Jenkins , Uni ted S t a t e s  1 i si: and H i  1 d l  i f e  Serv ice  

FJeIsen Jacobs, U.S. Bur-eau o f  Reclamation, P.O. Box ?5007, 

Jssppkr T. Johnson , k n v i r o n m n t a l  Ajjesr,inent and Suppor t  

o f  Yea l th  and  F i r onmen ta l  Research , Department. o f  Energy, 
Nashi ngt0t-l , DC 20545 

B u i l d i r l g ,  F t .  Belvoir ,  VA T3fl66 

Department o f  Energy. Washington, DC 30545 

irvet g.y, k s h i  i-sg’ron , DC 20545 

309 Wcst idashi ~ i g t o n  Street  
Chicago, 11“ 60606 

Mninas, 1.4 5331 9 

Nat iona l  R e s ~ ~ v o a ’ r  Rosearch Progw-n, Tayettevill e AR ’77701 

I knaer ,  C6 80726 

S t a f f ,  E r ’ i ~ r g y  Demonstrations and  Techno1 oqy,  11 10 Chestnut 
S t r e e t  lower 11, ChatLamoya, TN 3/d01 

S t a t e  I l n i v e r s i t y ,  s t  i a n s i n g 9  MI 48824 

Street ,  F. S e u l i  See. Marie, Ottzwa, Ontar io ,  Canada P6A 3B3 

Peter Kakel a y Depart n t  o f  Resource Development, Michigan 

Senator  Jolrri K e l l y ,  P.O. Box 30036, Lansing, M I  48909 
John K P I S Q ,  Department o f  Fisner- ies and Oceans, 875 Oueen 

K~ntwcky D ~ p a r t l i ~ n t  o f  Energy , Cap! to1 113 a m  Tower, Frankfor t ,  

Paul K i  rshen , Resource Pol i cy  Center , i^hayer School o f  
Engi~ ieer- i  ng, Dartnouth Coll ege Marrover NH 63755 

\dill iam Knapg, MortDseas,t Power P l a n t  A c t i v i t i e s  Leader, U.S. 
I- i sh and Wj 1 d l  i f e  S c r v i  ce One Gateway Center , Newton 
Corner, MA 02158 

Nichael  Kow3lch&, Direct‘ion des Eaisx I n t e r i e u r e s ,  1901 
hvucnw V i c t u r * i  a Regina , Saskatchewan, S4P 3R4 Canada 

Boyd Uynard , ?4assachusetts Cooperat ive F i  rheries U n i t ,  
U n i v e r s f t y  o f  M;csarhusetL\, . hhe rs t ,  MA 01 003 

K Y  40601 
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491. 
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494 * 

495 D 

496 (D 

497. 

498 * 

499 

506. 

501. 

502. 

503 

504” 

505 1 

506 .) 
507 * 

508 s 
509 e 

51 0. 

511. 

51 2. 

595. 
514. 

Robert Lackey, United S ta tes  Fdsh and W i l d l i f e  Service, 
Eas%ern Land Use Team, Route 3, Box Kearneysville, 
wv 25430 

George H e  Leuff, M. K.  Kellagg ~ i o ~ ~ ~ i ~ ~ ~  S t a t i o n ,  Michigan 
State  ~~~~~~~~t~ 3 ickory Corners, MI ~~~~~ 

Bernie Lman, 1 an County Pub1 i c U t i  1 i ty D i  s t r ic t ,  

tematics Depar twnt ,  Cornel 1 

r i e s  and W i l d l i f e ,  

ational Mars” ne Fi sheries Serv-ice ~~o~~~~~~~ 
eries Center, 3725 Montl ake Boul w a r d  JI Seattle 

i n s ,  IB.5. Army Engineer !Xvis.a”on, ~ ~ r t ~  Pacif ic  
WA 98112 

38’70, Port land,  OP 87208 
Pol icy Office,  73 Trernont Street ,  

Run Ecsl ngical 

Corporation, Past  Berli 

Helen N.  ~ ~ ~ a ~ a ~ ~  Office o f  Health and E n v ~ r o ~ m ~ ~ ~ ~ a ~  
Department o f  Energy, ~ ~ r ~ a n t ~ w ~ ~  W 

Dona1 d Insti taate f o r  Water Resources 
Rtail d i  ng F t  . Bel v o i  r , 

Michigan Energy Wdmi n i  s t r  
Commerce, Law ~ ~ i ~ ~ ~ ~ g  

360 East Kel Banul evard St. Paul 
Mjssissippi Fu rgy ~ a ~ ~ g e ~ ~ n t  C 

S t a t e  O f f i c e  Building, Jac 
” Energy Program, Dep Pal  Resources 9 

ox 1039, Jefferson C 

u n i c i  pal  PI anrsi nq Office,  Fxecut-iwe Office o f  the t4ayopn9 

i nnesota Ener 

~@~~~~~ Energy Of f i ce ,  Cap i  

~ i l ~ ~ ~ ~ ~  13th  and E ~ t r e e t s ,  N.w., 
DC ~~~~4 

Nebraska Energy B f f j c e ,  P.B. Rox 95085, Lincoln, 
Nevada Department of Energy, I050 East H I 1  - Su 

New York S t a t e  Energy f i c e ,  Agency Buildtssg No 

Off ice? o f  Econtarna”c ~~~~n~~~ and ~ ~ ~ ~ l ~ ~ ~ e ~ t ~  Cap 

Carson City$ N V  897 

Sta te  PI aza c A I  hany 

Phoenix,  AT 856J07 

NE 68509 
t e  405, 

to1 Tower, 
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51 5 .  

516. 

59 4 .  

511 8.  

5% ?r. 

520. 

521 . 
522. 

5 2 3 .  

524. 

5%. 

526. 

523. 

528. 

529.  

530. 

539. 

532. 

533. 

534. 

535.  

O f f i c e  o f  S t a t e  P lann ing  and E n e r ~ y ?  I Mi lsor i  Sti-eet, 
F1ac‘l-i son , w I 53 7U% 

Office o f  the Governor, M i n n i i l  a s  G o v m x ~ ~ ~ t  Center, North 
B u i l d i n g ,  P.O. Box 41089, Mlnnillas S t a t i o n ,  S a n t i l a ~ e ,  
PR 00940 

Ohio Ftier5y and W ~ S W - C ~  Devel npiser-it Agency , State O f f i c e  
Tower, 30 E a s t  Broad Strcet ,  Columbus, OH 43315 

Bkl ahsrna Depav’trnmt o f  Energj 4400 Elortk L i  nco i n Botil evard 
Oklahoma City, OK 731 05 

Raymond C .  Oligher ,  Wa’la Walla D i s t r i c t ,  Corps of E n g i i i e e ~ s ,  
W i i i  1 d i n g  603 , C i  ty--County A i r p o r t  !.!a’! 1 a b/aA 7 a NA 99352 

! de  S .  Osbmi-n , Of’ r i c e  o F Heal t k  and Env? ro rmenta l  Research , 
Robert R&i’n, Natiorral Science Foundati-ioii, I k s h i n g t o n ,  

DC 78545 
Robkart Ra le igh ,  U.S. Fish and W i l d l i f ~  S c ~ v i c c ~ ,  2635 Redwing 

Roads Ft. Collins, CO 86531 
Get-a1 rl (1. Rausir , Envi ronmental Protlsctl’ot’o Aqer~cy , 4-81 M 

Strect ,  N.1.l. , Washington, DC 20460 
Regiorriil Admini strator, U.S. Envlrnninentai P r o t e c t i o n  

Agency - Region I, John F. Kennedy Btii lcfing, Boston, 
MA 02283 

RcgSortal Adnf n i  st rator  , [ I .  5 .  Env i rcrnmental P r o t e c t i o n  
Agency - Pegion 11, 36 F ~ d w a I  Plasa, Fkw York, CIY 90007 

Regional Admi n i  s t r a  l o r  U. S .  Etw-i rclniiiental b w t e c t i  on 
Agency - Wegi on I I I, 5 t h  asad Wal f i t i t  S t r c ~ t s  
PA 10106 

Regioi iai  Admin i s t ra to r ,  U. S. Fnviromental  P r o t e c t i o n  
Agency - Pegion I V Y  3A.5 Cour‘tlawel S t ree t ,  K.E., Altarnta, 
GA 30308 

Agency - Region V, 230 South Dmrborr? Streel ,  Chicago, 
I L  FiOFiOd 

Agency - Region V I ,  First I i l t ~ ~ m t i o n a l  B u i l d i n g ,  1701 Elni  
Sweet,  Da l las ,  TX 75270 

Agency - Region V I I ,  1735 Baltimore S t r e e t ,  Kafisas City, MO 
ti41 08 

Agency - Re.gion V I I I ,  1860 L i n c o l n  S t r e e t ,  D C ~ V ” C P ,  CO 80203 

Agency - Region TX, 215 Fritinorit Srrwt,  San Francisco, 
C A  !?AI05 

Reg?’ o m 1  Admi n i  s L r a  lor , U. S . Envi  r*onrenta% P r o  tec ti on 
Agency - Region X, 1300 6th  .S?-t*iiet, Sea t t lc ,  MA 98101 

Donna !??;chlp, Scict-ire Appl icaP isns  Trre. , ROO Oak Ridge 
Turnpike , Jackson P1 aza To -s, S u i t e  1080, Oak Piege, 
C %  37P,.30 

DepaF’tmPnt o f  Energy * Washi ngtrPn , DC ?OW5 

Phi 1 adel ph i  a, 

Regional Adhrri i I i s t r a t O P ,  U.S. Environm~ntal Prs tc lc t ion  

Regional Adm-iiii strator , IJ. S. Envfronmental Protec t i  on 

Regional A d m i n i s t r a t o r  , U.S. Environmental Protect ion 

Regional Admin i s t ra to r ,  U.S. Environmental P r o t e c t i o n  

Regional Administrator ,  U.S. Envf ronmental Protect ion 
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536 I 

537. 

,540 

541 

542 (I 

543. 

544. 

545. 

546 a 

547. 

548. 

549. 

550, 

551 * 

552 I) 

553” 

555 e 

556. 

557 D 

558 * 

5 5 9 .  

561. 



I. a2 

562. 

568. 

569. 

570. 

575.  

572. 

573. 

574. 

575. 

576 .  

577. 

575.  

583 . 

582-730. 

Kent W. I % C W ~ I ~ Q ~ I  Tnvironmental Laboral  o ~ y ,  l i n i  ted S ta tes  
Amy Cr?rps n f  Eilgi neess Wateways Experiment Statjars , 
Vicksburg, MS 33180 

Susan Turbak ,  Scisnce Appl !cations In@, 800 Oak Ridge 
Turnp ike ,  Jackson Plaza  TQWWS, S ~ ~ i t t e  1008, Oak Pidge, TN 
37830 

Geral d 111 r i c k s o n  , Science Appl i c a t i  ons , I n @  , 800 Oag RidgP 
T u r n p i k ? ,  Oak Ridge, TN 37830 

U t a h  Energy O f f i c e ,  231 East 400 South, Sal t Lake City, 
IIT 84111 

Verarionk Energ j  O f f i c e ,  Pavilion O f f i c e  Sui ld i r sg ,  109 S t a t e  
Sti-cet  , Montpe: i e r  , VT Oc.607 

Harold Wah3quist9 U.S.  Fish and Wildlife Service,  Federa? 
Building, 75 S p r i n g  St . ,  S . w , ,  Atlanta,  GA 30.303 

Gary Mal tenbaug;? 
One Co1 m b i a  Rfver , Vancourvcir , WA 986619 

Richard H.  WaPiPrg, l7epartnipnt of Forest. Science, Oregon S t a t e  
hi verr i  t y  , Corval I i s , O R  97333 

ea1 Warnick , Idaho Wateer Research Insti tutee,  University o f  
Idaho, !.lashington Energy O f f  i c e  4011 E a s t  Unfon S t w e t ,  
01yrilpi a 9 wb! 38504 

Ma? ton Watt, Head, F i  sh Mahi t a t  P T o t e c t i o n  , Fresh 
A n i r d t - ~ r n ~ l ~ ~  Di vi si on ,  Resource Branch , Department o F 
F i s h e r i e s  and Oceans, P.O. Box 5W, Hal i fax ,  hbva S c o t i a  

Robert B . M a t t e r s ,  O f f i c e  o f  Health and Environmental 
Research , Department o f  Fnergy, Mashington , DC 20545 

D t m  kdeitkamp, Paraaetrfx, Inc. , 13020 Northup Way, Sui ‘ce 8, 
Bellevue, MA 98005 

Robert W. Wood, O f f i c e  iif Health a n d  Environmental Research , 
Department o f  Encrgy, Washington, OC 305W 

Nil 1 iarn B. Wren , Tennessee Val 1 ey Anathod ty, Atheaas , AL 3561 1 
David Zael? nu:., National E7ec t t - i~  Cooperative Association, 

1800 Massachusetts Ave. , N.W, , Washington, DC 20636 
O f f i c c  ~f A s s i s t a n t  T*lanager f o r  Energy Research and 

Devel opnilgnt, D e p a r - h e ~ t  o f  Energy, Qak Ridge Operations 
o f f i c e ,  oak ~ i d g e ,  TM 37830 

G i v m  d i s t r ibu t ion  as shown i n  DOE/TSC-4500 under category 
UC -We , Hydroelectric Power @nei-at ion 

Paei f i  c Nor thwest  River BasSn ComiiT s s i  on , 

83J 3S7 
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