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INTRODUCTION


Wal . e r de l ive ry and hydroe l e ct ric ope rawrl I are comm it t e d t om e e t ing Fe de ral and S t at e wat e r


q U l l l i ~ y st andard;; and re se nooir re l e ase obJecti\'"elI.. Wat e r qual i t y param e t e rs (t e m pe rat ure , 


diuol ve d uyge n ,  t al I t e  and odor, e t c. ) vary wi t h de pt h in re se rvoirs. To re l e t i e  wat e r of


d.. . . i re d qlUl 1 ity, re se rvoir out l e t a m ust b e l ocat e d n appropriat e e l c v a t i o ~ .  HOWi!Ve r, m any


dAmJI have l im i t e d n p t i ~  for wi t hdrawal e l e v a l i o ~ .  Hil l 1Orie al l y,  improve d re l e ase cont rol 


(. e l e ct ive wi t hdrawal ) haa be e n achie -. 'e d wi t he xpe n$ive , rigid, gat e d st rue t u.. . . . . . Re cl am at ion


(B ure au of Re cl amat ion) re cogniwd a ne e d for l owe r COll t a l t e m a ~ i \ " e .  t ha t can be incl ude d in


ne w d ~ i g n s  Or re t rof i l t e d t o e xist ing st rue t ure a. This re >se arcl l  p r o j e c ~ ,  which was a


coope rat ive e f fort be t we e n Re cl am at ion'. Wat e r Re I ourre a Re se an:hLaborat ory,  Mid·Pacif ic


Re gmnal  Office ,  and Nort he rn Cal i fornia Are a Office ,  had t he  ohj e dive  of de ve l oping


l ight we ight f l e xibl e  fabric (curt ain) barri e rs t ha t  coul d be ul l e d t o conl rol  rue rvoi r re l e ase 


wat e r t e m pe rat ure s.


Te mpe rat ure  cont rol  curt ains are  posit ione d around int ake  s t r u c ~ U r e ! l whe re  ~ h e y  cont rol 


wi t hdrawal e l e vat ion. C u r t a i ~  may al so be  posit ione d a t ot he r locat ioWl wi l hin a re se rvoir


tocont rol hydrodynam ics t hat m ight adve rse l y af f e ct re se rvoir re l e ase wat e r q u a b ~ y .  Curt ains


of f e r subl l t ant ial  coat l av i n i l  OVe r t radi t ional  se l e ct ive  wi t hdrawal  st ruct ure s,  Howe ve r, 


unce rt aiot " " , withhydraul i . . pe rformanoe , de pl oym e nt , ope rat ion, m aint e nance , and re l iabi l i t y


prompt e d t hi s appl i e d re sl !l l f'Ch proj e ct with doae l y monit ore d prot ot ype inst al l at iona.


CONCLUSIONS


·  Te m pe ral ure  ront rol  curt ains ha, · ... J . - n suce e uf ul l y e mpl oye d t o re duce  re l e ase 


t e m pe rat ure s a t  lA:-..oiswn and Whiske yt own Re se rvoirs,  Cal i fornia. De nsi t y st rat i f i e d


phy1 ical  mode l s we re u.sed t ode ve l opan e f f e e t ive t e m pe rat ure cont rol  curt ain de sign.


·  The  l a r g e s ~  f l ow t hrough t e m pe rat ure gains in Le wist on and Whiske yt own Re se rvoirs


occur a t  pl unging flow rone e  whe re col d wat e r f l ows as a de nsi t y curre nt inw a t he rm al l y


st rat i f i e d re se rvoir.


·  Te mpe rat ure cont rol CUrt .!lma have  be e n succe uf ul l y use d w re duce . m ixing of col d wat e r


inf l ow. and warm Burface  wat e rs in Le wiswn and Whiske yt own Re se rvoirs,  Cl l i fornia.


·  Te m pe rat ure  oont rol  curt ai l l 5  al l ow CVP (Ce nt ral  Val l e y Proj e ct ) ope rat ors t o m anage 


hydropowe r ge ne rat ion whi l e cont rol l ing re ae rvoir re l e ase wat e r t e m pe rat ure s.


·  Whe n t he  Lev.- istoD Re se " " 'oircurt ain wa . inst al l e d in 1 992, i t rapidl y modif ie d re se rvoir


at rat l f icat ion, and Le wist on Re :5 e rvoir re l e ase t e mpe rat ul '1 !:S . . . . . re  re duce d hy 2. 5  OF.


·  1 994 dat a ahowe d aim i l ar l e mp<!rat ure  gai na throU&h Le wi st on and \\'hiske ytO'A'n


Resel'V'llirs for blllIe b d powe r ope rat ion and pe . rt ial pe aking powe r ope rat ions.


·  1 994 da t a showed t ha i pe aking powe r ope rat ionl  re aul t e d in a 3°F t e m pe rat ure gain in


wat e r rout e d t hrough Le wiaton Re !l e rvoir. S m al l e r t e m pe rat ure gai n. we re m caaure d a t 


t he Carr (Judge Fran<:l l l Carr) Powe l l l iant t ai l race curt ain. Conse que nt l y,  pe aking powe r


ope rat ion. shoul d be  avoide d for Trini t y and Carr Powe rpl ant a during pe riods whe n


re l e ase  t e m pe rat ure  re st rict ions are  in e f f e e t . Pe aking ope rat ions did not ne Kat ive l y


impact t he S pring Cre e k Tunne l  int ake curt ain pe rformance .




·  For sim i l ar re se rvoir ope rat ions,  ave rage  t e m pe ra t ure  gain of wat e r rout e d t hrough


Whiske yt own Re se rvoir in Auguat  1 988 (pre -curt ain) was 3. 7 of highe r l han t he  curt " , n · 


cont rol l e d t e m pe ra t ure gains m e asure d I n  August  1 994.


·  ADCP (acoust ic Doppl e r curre nt  prof i l e r) da t a we re  use f ul  in de t e rm ining how a vari e t y


of p o w e r p l a n ~  ope rat ions al Te d t e m pe ra l ure  C<}ntrol curt ai n pe rfonnance . Aoou" t ic


Doppie r curre n t prof i l e r da t a we re  use d t o quant i f y t he  hydraul i cs asso<:iat e d wi t h warm 


surf ace  wa t e r re t e nt ion a t  Le wist on Re se rvoir and t he  unde rf l ow j e t  hydraul i cs


downst re am from t he  Carr t ai l race curt ain.


·  ADCP da t a showe d unde rf l ow ve l oci t i e s we re  nonnal 1 y a t  or be l ow t he  de sign val ue  of


0.3 IVs.


·  Moni t oring of ~ h e  curt ai n pe rform ance  re sul t e d in an unde rst anding of t he  hydraul i c


charact e ri st i cs but al so re ve al e d t ha t t he se curt ains nrc ve ry dynam ic st ruct ure s, and t he i r


pe rform ance de pe nds on m any fact ors,  such as flow rat e ,  powe rpl ant ope ral ions,  inf l ow


t e m pe ra t ure s . re se n'oi r st ral i f i cal ion, e t c.


BACKGROUND


During t he  l a t e  1 980s and e arl y 1 990s. e xt e nde d drought in nort he rn Cal i fornia re sul t e d in


t he  pot e nt i al  for sum m e r and e arl y fal l  S acram e nt oand Trini t y Rive r ~ " m p c r a t u r e s t o e xce e d


cri t ical l e ve l s f(l r sust aining sal mon popul at ioI l l i . Re se rvoir st orage had be e n low, and vol um e s


of st ore d col d wat e r we re  l im i t e d. I n t he cri t ical l ow wat e r ye ar of 1 992. t he  p o ~ e n t i a l e xi st e d


for re se rvoir re l e ase  t e m pe ra t ure s coupl e d wi t h in· rive r warm ing t o ge ne rat e  l e t hal  wa t e r


t e m pe rut ure s for sal mon e gg incubat ion and j uve ni l e  f ish. Furt he rm ore ,  anadromous fish


popul at ions in bot h rive t l l a re  in de cl ine . The st ool he ad and sal mon runs on t he  Trini t y Rive r


are  of m aj or conce rn to t he  Hoopa I ndian Tribe  and are  be ing addre sse d by a m ul l i -age ncy


t ask fore " . The " wint e r run"  of Chinook sal mon on t he S acram e nt oRive r has be e n l i st e d as


e ndange re d (t hre nt e ne d) wi t h e xt inct ion unde r t he  ~ ' e d e r a l  Endange re d S pe ci e s Act .


Conse que nt l y,  Re dom at ion ini t i a t e d an aggre ssive  program to modify opl l rat ions and add


st ruc t ura l  f e at ure s t ha t  woul d opt im ize  col d wat e r re l e ase s int o t he  uppe r Trini t y and


S acram e nt o Rive rs. Addi t ional  de t ai l s conce rning t e m pe ra t ure  cont rol  curt ai ns and ot he r


t e m pe ra t ure  cont rol  f e a t ure s associat e d wi t h t he  S acram e nt o B asin Fi sh H nbi t a t 


I m prove m e nt S t udy can be found in t he  Final Envi ronm e nt al Asse ssm e nt  Re port (B ure au of


Re cl am at ion. 1 994), 


The S hast a and Trini t y Rive r Divisions (fig. I ) of Re cl am at ion's CVP (Ce nt ral  Val l e y Proj e ct )


incl ude Trini t y and Le wist on Dl l nl S al l  t he Trini t y Rive r and S hast a and R'i'swick Dam s on t he 


S acram e n(<J Rive r. Wat e r from t he  Trini t y Rive r B asin is dive rt e d t o t he S acram e nt oRive r


B asin t hrough two t unne l s and two re se rvoirs. Trini t y Rive r wat e r is dive rt e d from Le wist on


Re se rvOl r t hrough Cl e ar Cre ck Tunne l  to t he  Carr Powe rpl unt  l ind int o Whiske yt own


Re se rvoU" . From t he re ,  wat e r f l ows t hrough t he  re se rvoir l ind int o t he  S pring Cre e k Tunne l 


and t hroughS pring Cre e k Powe rpl ant . S pring Cre e k Powe rpl ant re l e a>;e " wat e r i nw Ke swick


Re se rvoir,  whore  i t  combine s wi t h wat e r re l e ase d f rom S hast a Dum . Wat e r re l e ase d f rom


Ke swick Dam e nt e rs t he  uppe r S acram e nt o Rive r,  Ove r t ho course of t hi s di " e t l l ion and prior


t ocurt ain inst al l at ion. t he  t e m pe ra t ure of dive rt e d Trini t y Rive r wat e r commonl y rose  1 0 t o


1 3 OF (B ure au of Re cl am at ion, 1 990).
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Re se rvoir and rive r syst e m num e rical  mod, , 1 .$ have  be e n use d t o d e n ~ l o p  CVP ope rat ing


guide l ine s. The  mode 18 de f ine d " , I " " " "  ra t . . .  t ha t  woul d yi e l d an u t e nd e d suppl y of roI d


wat e r. The m ode b we re used 10 e st im at e at fDOl lphe ric warm ing and t ri but ary inOue nt t 5 for


pre dict . ng t he  re ach. . . of rive :r <n'V which ade quat e t e m pe rat ure s coul d be  m aint aine d. In


fact , in Orde nWR 91 ). . 5  and WR 91 ..{ l l , t he Cal i fornia S WRCB (S t at e Wat e r Re aource s Cont rol 


B oard) requires Re cl am at ion t o m aint ain S acram e nt oRive r t e mpe rat ure s: a t or below 5 6 OF


a t  t he  B e nd B ridge t e m pe rat ure moni t oring l I l .at iOl l ( _ fig l ).


\ 

FIgoure 1 . ·  Loxati"" map <>lIM cemrsl Valley P,ojecl- Shasta and TrIIIIly RI""" D.. . ." " '. In<lt 10 leala).
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l Jrought condi t ions in 1 992 cause d re duce d wat e r de l ive ri e s t oagricul t ural and urban proje ct><.


Proj e ct ope rat ors coordinat e d wi t h Fe de ral  and S t a t e  age nci e s to de ve l op pl ans t o maxim i1 . e 


t e m pe ra t ure cont rol  I n t he  l 'ri ni t y and S acram e nt l l Rive r basins. M l he sum m e r progre sse d, 


i t  be cam e  appare n t  t ha t  col de r re l e ase s coul d onl y be suppl i e d f rom bot h Trini t y Dam and


S has t a Dam by curt ai l i ng powe r ope rat ions and by m aking al l  re l e ase s t hrough l ow-l e ve l 


out l e t  works. At  bot h dam s,  t he  p<lwe r int ake s are  posi t ione d highe r t han t he  low l e ve l 


out l e t s. Powe r re l e ase s we re bypasse d a t S hast a and Trini t y Dam s for 1 70 days and 1 1 0 days, 


re spe ct ive l y,  in wal e r ye ar 1 992. About $1 0, 000, 000 in powe r re ve nue s we re  l ost  t ha t  ye ar.


1 '0 provide ope rat ional f l e xibi l i t y and t om e e t S WRCB t . , m pe rat ure re qui rcm cnt a,  Re cl am at ion


const ruct e d t hre e  t e m pe ra t ure cont rol  curt ains and compl e t e d I I S l 'l e ct ive wi t hdrawal  re t rof i t 


for t he pe nst ock int ake s a t S hast a Dam . This ropon sum m arize s t he de sign,  const ruct ion, and


pe rform ance of t he t e m pe ra t ure cont rol  curt ai ns in Le wist on and Whiske yt own Re se rvoirs.


LITERATURE REVIEW


Whe n a re se rvoi r is t he rm al l y or de nsi t y st rat i f i e d,  wat e r can be  wi t hdrawn from di st i nct 


horizont al  l aye rs or e l e vat ions. The  ve rt i cal  posi t ion and t hickne ss of t he  wi t hdrawal  l aye r


de pe nds on t he  ve ni ca l  posi t ion of t he  int ake ,  i nt ake  size  and ori e nt at ion,  wi t hdrawal 


di scharge ,  de nS I t y st rat i f i cat ion prof i l e ,  t opography, and boundary int e rf e re nce  (re se rvoir


wat e r surf ace and bot t om ). Num crous st udics ba\'c be e n conduct e d t o de f ine t he  uppe r and


l owe r bounds of t he wi t hdrawal l aye r as a funct ion of cri t i cal  param e t e rs (B ohan and Grace , 


1 969 and 1 973; H ino, 1 980; S m i t h, e t  aI . ,  1 987). Typical l y,  t he se s t udi e s we re conduct e d in


l aborat ory faci l i t i e s wi t h simpl i f i e d int ake  and re se rvoir ge om e t ry,  The l aborat ory f indings


have  be e n ge ne ral l y conf I rm e d by fie l d obse rvat ions.


S t ruct ure s ,  such as suspe nde d curt ains,  can be pl ace d in a st rat i f i e d re se rvoir 1 .0 cont rol 


t he ve rt i cal posi t ion, size , and ori e nt at ion of t he wi t hdrawal out l e t . ThI l S ,  t he se st ruct ure s can


be  use d 1 .0 e ont rol t he wi t hdrawal  from t he  re se rvoir and inf l ue nce t he  re l e ase wl l t e r qual i t y.


Howe ve r,  ge ne ral  se l e ct ive wi t hdrawal  the or)"  doe s not addre ss si t e  spe cif ic inf l ue nce s sl l ch


as toPOb'Taphy, approach channe l  shape ,  and int ake  l ocat ion. Thus,  vari at ions f rom t he 


wi t hdrawal  l aye r bounds pre dict e d by t he ory can be  e xpe ct e d. !f re se rvoi r t opogrnphy is


re st ri ct i ve  or i f i nt ake  ge om e t ry is unusl I al ,  at rat i f I e d ph)" sical  mode l s shoul d be use d to


e val uat e se l e ct ive wi t hdrawal  pe rform ance and t o re f ine  st ruc t ure de sign. Physical  mode l s


we re  use d t odnve l opt he curt ai n de signs de scril .>e d m t his re port . Ph)" sical  mode l  r e s u l t . ~  we re 


coupl e d wi t h re se rvoir and rive r m at he m at i cal  mode l s t o de t e nni ne  re se rvoir nnd rive r


re sponse s to t he  inst al l at ion of t e m pe ra t ure cont rol  curt ains.


An AS CE {Am e rican S oci e t y of Civi l  Engine e rs} Task Comm i t t e e on De nsi t y Curre n t s snd


1 'he i r Appl icat ions in Hydraul i c Enginl l e ring has publ i she d a concise  pape r t ha t sum m ari ze s


t he s t a t e of t he  ar t  for anal ysi s of pl unging flows and f l ows wi t h int e rf acial  she ar (Al avian e t 


aI . ,  1 992). The aut hors not e  t ha t  a pl unl , ';ng inf l ow e nt e rs a re se rvoir as a pl ug flow of uni f onn


de nsi t y. At Le wist on and \Vhiske yt own Re se rvoirs, dive rsion inf l ows are  col de r and t hus more 


de l l se  t han m uch of t he  re se rvoi r wat e r. De nsi t )" di f f e re nce s can be cause d by t e m pe rat ure , 


t ot a l  dissol ve d sol ids (sal ini t y),  and suspe nde d se dim e nt  conce nt rat ions. Howe ve r,  for


Le wist on and Whiske yt own, de nsi t y di f f e re nce s are  pre dom inant l y cause d by t e m pe rat ure . 


De pe nding on t he  de nsi t y di f f e re nt ial  be t we e n t he  inf l ow and re se rvoir,  de nsi t y curre n t s can


e nt e r t he  e pihl l l nion, m e t al im nion, or hypol im nion. Whe n t he  inf l ow de nsi t y i s l e ss t han t he 


surf ace  wa t e r de nsi t y,  t he  inf l ow wil l  flow on t op of t he  re se rvoi r surf ace  (cpi l im nion); t hi s


,


I




occurn=:e i s a i l e d an ",..".flow_This condit ioooccurs I n  t he spring whe n CleaTCre e k :inflooot;o,


ne ar Judge  t 'raDOs Carr Po\o.-. , rpl ant . is Wl l nne r t han Whiske yt own's .....a t e r . urfa" , , _  I f t he 


inf l ow de nsi t y is gre a t e r t han the I Urface  wa!.l>'T de nsi t y,  inf l ows wil l  pl unge  be ne at h t he 


aurf a" "  wal e r,  The  pl unge  point  is o!\e n m arke d by f l oat ing d('bril l  or a cl1ange in wat e r


dari t y . The l ocat ion of t he  pl unge pom t i s de t e nnine d by a bal ance of l he inf l ow mom e nt um , 


l he  pre ssure  gradi e nt  nt ross t he  de nsi t y int e rfaoo ae parat ing t he  inf l ow nnd t he  surfal :e 


wnt e r,  and l he she ar forre s a l  t he  be d and surf ace (cause d by t he  wind),  The  pl unge  pom l 


l ocat ion wil l vary de pe nding on t he  flow raw and de nsI t y,  but f l o'"  raI l ! is t he dom inanl fac\.Or,


S igni f icant m ixing occurs in t he  pl unge t one ,  hut t he e x\. l !nt of m ixing is dif f icul l t ode U:onnine .


Est im at e s vary from to\.0 ove r 100 pe rce nt , and DOcoruiaU!I l t t he ory is curre nl l y avai l ahl e t o


quant i ry t he  m ixinl (Ford and Johnl l On, 1 983).


l nt e rl l ows " " " ur whe a de nsi t y curre nt l e ave s t he  re se rvoir bol t om and flows horizonl al 1 y m t o


a at rat i f i e d " " " " l 'Vl )ir. I nt e rl l ows . . . . common in t he  l um m e r " 'he D iDf1 0w t e m pe rat u. . . .  fal l 


be tWOODe pi l im ne t i e and hypol imne t ic t e mpe n. t l I r" 'I . I nt e rl 1 0ws ne e d cont inUOUI  inf l ow and/or


out I l " '" t oPfOl l '8Pt I ! t.hrougb the re se rvoi r. I f inf l owl or out I l ows s t op,  t he int e rf1 0w st .al l s and


coI .l ap$l !5 i n t o I I t hin l aye r. Mixinl inlO an iDt e rf l ow is usual l y m inimal be cauae t he I l l f l l l e de Wl it y


rradi e n t in t he  m e t al im nion 5 Uppre l _ int e rf acial e nt rainm e nt (Ford and Johnson, 1 986).


At Le wiston and \Vhil ke ytov. 'n Re se rvoirs, int e rf acial  m ixing be t we e n unde rf l ow and warm e r


re t e rvoir wat e r yie l da inf l ow warm ing, The st . re ngthof l he int e rf acial  miJcing is a funct ion of


l he int e rf acial dcnB it y gradie nt . and int e rf acial she ar . . de scriht .'<1 by t he  RichRrd80n num be r.


Expe rim e nt al work shows t hat  m ixing de pe nds on ~ h e $ ( l  pnram e t l !rs (Ford I l nd J o h n ~ o n ,  1 983


l ind 1986). Howe ve r,  t hoory doe s not l I de quat l !l y addre sa t he I nf l ue nce of l I it e l I pe cific fl l ctoTl l 


l I ue h as Te S l ! . . . . . ·oir de nsi t y gradi e nt ,  unst e ady flow (pe aking powe r ope rat ion),  channe l 


morphol ogy, inf l ow t urbul e nce  int e nS i t i e s. and non-uniform ve l oci t y prof i l e s. I t  was


spe cul at e d t ha t rort al nS  m ight be de . 'e l ope d t ocont rol  m ixing t ha t is ge ne rat e d by pl unging


inl 1 0ws (RedlU lU lUon, 1990 ), For e xampl e , t o m inim ize warm ing of inf l ow. , II curt ain coul d


be dl !l l igne d t ocont rol l he m ixing be t we e n t he cold inf l ow and t he  warm surf l l l :e wat e r l aye r


(e pi l im num ) by l im i t ing t.he suppl y of . u r f _ wnt e r t ot he pl l l l 1 i " :r.one . I t was concl ude d t ha t 


t o adue ', e sucha de sign,  t he  unde r curt ain "elocities shoul d be small :0.3 f l I s) t ol im i t kine t ic


e ne rgy avai l abl e for nuxin. g,  and " I 'i " i f i e ant , . . , rt . i e al  dist ance shoul d be e st abl i she d be t we e n


t he curt ai n bot t om and t he  t he rmocl ine t oisol at e t ho unde rf l ows from t he e pi l im nion.


PREVIOUS TEMPERATURE CONTROL CURTAIN APPLICATIONS


Le wi s t on Re . . e . -voJr


The Cal i fornia De part m e nt of W 8 ~ r  Re source s conduct e d a md}' in 1 983 and 19M (Bol e s, 


19861 in Le wl l iton Rese......oi r t o I !\" al ul l t e  t he  e ff e ct ive nl !S l l of I I t e m pe rat ure cont rol  curt ai n


e ncompassing t he  Cl e ar Cre e k Tunne l  m t ake  st ruct ure ,  The  goal was t o provide  warm e r


wat e r t oa f ishhat che ry int ake I l t .rue !.ure whichl I kims wat e r from t b e  re se rvoir surf ace . Thia


goal  coul d be  aducve d i f t he  Cl e ar Cre e k Tunne l  int al t e  l I t ruct ure  coul d be  modif i e d t o


se l e ct ive l y wi t hdraw wat e r from we l l  be l ow t he  W il le r surf ace , t hul l  pre se rving t he  wanne r


surfal :e  wat e r for t he  fiS h hat che ry I nt ake . A 1 3· f t . -de e p, 1 , l oo-n-. l ong vinyl  curt ain WI I8


inst al l e d I n  S e pt e m be r 1 983 t o bl ock surf ace  wi t hdrawal a t  t he Cl e ar Cre e k Tunne l inl ake .


Moni t oring of t urt a i n pe rform ance  showe d t ha t  l he  curt ain produce d l uri ace  wat e r


t e m pe ra t ure  incre ase s of 5 . 3 6F I I I 1 983 and 3.4 OF in 1 984. This prom ising st udy e nde d


pre m at ure l y whe n t he curt ain fabric was dam age d be yond re pai r during t he  1 984 t e s t ~ . 
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S hl Ul t a D am 


Re cl am at ion t i n t  oonside re d usi ng a t o. mpe rauue  cont rol  curt ai n (rIC 21 al l  a se l e ct i , 'e 


wi t hdrawal opt>on for S b u t a Dam (B ure au ofRe e l am at ion. 1 987). S hal l t a Dam cre a. t e s t he 


l arge st  re se rvoir in t he CVP (4, 000, 000 acre · f t . of acw:e st .orage ). The dam . which iJI 602 ft


high, ha" , a m axim um hydropowe r re l e ase of 1 7, 600 f t '/s. 'I 'M powe r int ake a are l ocat e d on t he 


right abut m e nt a t e l e vat ion 81 5 , a.bout 240 n above  t he  ~ r v o i r bot t .orn. I n re ce nt drought 


ye ara. l a t e  sum m e r and e arl y fal l  wat e r t e m pe rat ure a a t  t he  pe l Ut ock i n t a b s e xce e de d


acce pt abl e l e 'o'e l a. Num e rical mode l s o[ S hast a Lake show t ha t t .oachie ve opt im um oold wa t e r


m anage m e nt ,  re l e a&e l l  shoul d be  m ade  f rom high in t he  re se rvoir in t he  spring and e arl y


sum m e r,  conse rving oold wat e r for t he  l a t e  sum m e r and fal l . Thus, 1I ve rt i cal l y adj ust ab l e 


curt ai n wns re qui re d whicb woul d al l ow cont rol of bothunde r- and ove r· curt ain wi t hdrawal s.
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A de nsi t y st rat i f i e d phyaical  mode l  was \l i e d t.o I I t udy t he  S hast a curt ai n pe rfonnance 


(Johnson, 1 991 ). The mode l de f ine d t he wi t hdrt wal chanl ct e , ;" t ic$, de t o. rm ine d dynam ic and


de rai t y ge ne rat e d di f f e re nt i al a { I oadingl , e at abl i l l he d ope rat ioI U guide l i ne s. and was used t .o


opt im ize  curt ai n de aign. DependingOnope rat ion, t he cur t a i n cre at e d a modif ie d at rat iJicat ion


be t we e n t he curt a i n and t he  dam . For e xampl e ,  drawing re l cl I .5 e  wat e r ove r t he  t op of t he 


curt ai n (l J\'e rdrawl re aul t e d in a t hicke ne d warm wat e r aurf acc l aye r be t we e n t he curt ai n and


t he  dam . Ove rdraw nowoful n woul d drop a l l a de nsi t y curre nt  f rom t he  t opof t he curt a i n t u


an int e rm e diat e l e ve l  inside t he curt ain. This pl unging de nsi t y curre nt re sul t e d in subst ant i a l 


ve rt ical  m ixing and incre l l /!. e d re l e ase  wl l t e r t e m pe rot ure s. I f t ho curt nin e xt e nde d t .o t he 
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sunac e  (cre al ing a poI !I it ive  barri e r t o ove rdraw),  drawina: wal e r unde r t he  nI rt a i n ....oul d


ge ne rat e cool e r tempemtW'ell in t he l owe r rqions ina ide Lhe curt ain. Ho" , t l \oe r, wann wat e r


woul d be e nt raine d i n t o Lhe  powe r re l e ase  f rom abo" e ,  Eve n wit b re duce d discharge s and


t hus,  l ow ve l oci t i e s,  m ixing inside t he curt ain woul d e nt rain at  l e ast  1 0 pe rce nt of t he  t ot al 


re l e ase from t he surf ace l aye r. B e cause t he surf ace wat e r coul d b e  1 8 to 27 OFwarm e r t hnn


t he  unde rdraw wat e r, surf ace wat e r e nt rainm e nt signif icanUy re duce d curt ain e f f e ct ive ne ss, 


Al t hought he e st im at e d curt ain const ruct ion coat fnr S hasuoDam waa ODe .quart e r t oone -t hird


t he cost of a t radi t ional  se l e ct ive  wi t hdrawal  re t rof i t , a gat e d st e e l s t ruc t ure t ha t  woul d be


a t t ache d t ot he dan> face Wi l l i selec\ed for inst al l at ion (John8oon e t  a l ,  1 991 J. Conce rns about 


t he ve ry l arge curt ai n sUe ,  ne e d for e n. . .nsl , · e ope rat ional  f l e xibi l i t y,  l ack of upe ri e n e e " " i t b


curt ai n l I t ru t l ura ,  and l u p f l uct uat ions in ~ r v o i r  I e -'e l  prompt e d t he  chOice  of a


t radi t ional . e l e c t i . . e . .'i t hdrawal d. . . . i gn conce pt .


B e cause  of t he  pot e nt i al  cost  be ne f i t s,  t he  Le wist on and Whiske )'t own curt ain proj e ct  was


ini t iat e d wi t h t he obj e ct ive of inst al l ing and st udying n fie l d protot ype curt ain. The at udy goal 


Wall t odl l ve l op t e mpl " rat ure cont rol curt ain st ruct ure . a lU l l ) prove n, ge ne ral l y acce pt e d. re l e ase 


wat e r qual i t y cont rol opt ion.


LEWISTON RESERVOIR TEMPERATURE CONTROL CURTAINS


'The 91 -f t -high I .. e wisto:n Dam re -re gul at e s re l e a.se !l f rom Trini t y Dam and cre at e !! a di , 'e rsion


pool for Cl e ar Cre e k Tunne l . Le wist on Re se rvoir baa an aC\.ive . . . , I um e of 1 4, 700 acre -f t and


·  m axim um de pt hof 65 ft .. During summ e r, t he hydJl l l ul ic l " I l S ide nce t i m e vari e s f rom 2 t o 1 0


da)'l l . Maxim um combine d 8umm e r re l e l l . l l e ' from Le wist on Re se rvoir are about 3, 700 f t '/s


I n t he sum m e r of 1 992 undcr a t ight I I Che dul e ,  t wocurt ains we re  inst al l e d (O·Have r. 1 992):


a re se rvoir curt ain t ocool  al l  sum m e r re l e ase s and an adj ust abl e curt ain surrounding s f isb


hat che ry int nke , whichwas de aigne d t ocont rol hak:hcry inf l ow t e m pcm t urcs.


The Le wiston re se rvoir curt ain de sign was de ve l ope d uaing a physical  mode l (Ve rm e ye n and


Johnson, 1 993). The 1 I3O-1'I ;· long, J5 . f t -de e pcurt am was suape nde d from aurf ace  f l oat s and


re t aine d by a cabl e  and anchor S ) '5 t e m .  The  rort ai n Wl I A use d t o pre ve nt  e pi l im ne t ;" 


wi t hdrawal ; t hut , lXIOl e r wal e r from t he  hypol im nion w u re l e ase d i n t o t he S aaam e n t oand


Trini t y Rive r basins.


H ydrau l i c Mode l  S t udy


A 1 :1 20 acal e ,  de Mi t y st rat i f i e d physical  mode l  WII!I ul lCd t o e xam ine  t he  e f f e ct ive ne !l l l  of


t e mpe rat ure cont rol curt ain st ruct ure s in re ducing wl l t e r t e m pe rat ure s re l e lL'l f'<:! t hroughCl e ar


Cre e k Tunne l  and t he  Judge  FrancUl  Cl i f f Powe rpl ant  (fig. 3). The  l I e al e  was chO!l e n t o


incl ude ,  in a l im i t e d l aborat ory space ,  pot e nt i al  curt ain l ocat ions al ong wi t h re se rvoir


t opography t ha t eIl!r ts a cri t ical inf l ue nce on t he wi t hdrawal charact e rist ica. Al t houghl IC8l ing


e f f e ct s in t he phymcnl mode l l im i t re prne nt a t ion of t urbul cnl m ixing, the J...e wi.l l ton mode l waa


used t oge ne rat e qual i t at ive  re sul t s. El e m e nt s of t he st udy incl ude d e val ual i ng wi t bdra" " al 


l aye r t hi dne ss e s ,  .oe loc:ity pronl e l l  a t  l I e \'e ral  r n e ....·oir cross se ct iol l $,  and re sul t ing


modi f icat ion. t o de nsi t y st rat i f i cat ion for a range  m C i e a r Cre e k Tunne l  int ake  flow rat e l l . 


Twocurt ain l I it e l l we re st udi e d, one surrounding t he Cl e ar Cre e k Tunne l i nt ake and t he ot he r


l ocat e d in t he  body of t he  re se rvoir,  about one _ ho. l fm i l e upst re am from t he  int ake (fig. S ).
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Figure 3 . · Plan view of leWiSl<>n R""e","" hydraulic model (not 10 scale)_


Mode l  S t ud y Re su l t s


I n ge ne ral ,  mode l dat a indicat e d t ha t  botht he int ake and re se rvoir curt ains we re e f f e ct ive  in


cool ing re l e ase  t e m pe rat ure s whe n compare d to t he  no· curt ain oondit ion. Curt ain


e f f e ct ive ne ss de pe nde d on de sign, l ocat ion, discharge ,  and t opographic e f f e ct a. At discharge s


in t he 2, 5 00- t o3, 7oo-n-'/s range ,  st rat i f i e d flow t hrough t he  " narrows, " a re st ri ct e d port ion of


t he  re se rvoir. cause d m ixing wi t hsubst ant i al  re l e ase warm ing. Locat ing t he  re se rvoir curt ain


upst re am from t he " narrows" cont rol l e d Nl l e ase wanning hypre ve nt ing e pi l im ne t ic wat e r f rom


f e e ding t he  m ixing ronC. For t he  re scrvoir and discharge condi t ions obse rve d in t he  physical 


mode l . t he  re se rvoir curt ain re duce d wat l l I wmpcrnt urC8 re l cascd to t he Cl e ar Cre e k Tunne l 


hy about 2. S 0F


The physical mode l showe d t ha t twocurt ains provide d t he highe st re l e ase t e m pe rat ure cont rol 


for a range  of ope rat ional  discharge s of 1 , 000 to 3, 700 it'll!. The  int ake  curt si n suppl i e d


re l e ase  ~ e m p e r a t u r e cont rol  a t  low discharge s,  and t he  re se rvoir curt ain provide d re l e ase 


t e m pe rat ure cont rol  a t  highe r discharge s. B e cause  re se rvoir ope rat ions are  norm al l y in t he 


highflow range , e nl y t he  re se rvoir curt ain was re comm e nde d for inst al l at ion.
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L e w i s t on R e s e rvoi r P rot ot ype  C u r t a i n s


Re cl am at ion const ruct e d and inst al l e d an
830· f t -l ong, 35 · l t -de e pt e m P'" rat ure cont rol  curt ai n


in Le wist on re se rvoir in August  1 992. The  curt ai n was inst al l e d a t  t he  re se rvoir curt ai n


l ocat ion (upst re am f rom t he  narrows) ide nt i f i e d duri ng t he  physical  moo'l l st udy.


I n addi t ion t o t he  re se rvoir curt ain, a se rond curt ain funde d by t he  Cal i fornia De part m e n t 
of


Fish and Gam e  W llJI inst al l e d surrounding t he  Le wist on Fish Hat che ry int ake st ruct ure . The 


hat che ry de si re d bot h warm e r and cool e r wat e r de pe nding on t he  se ason and f ish re aring


re qui re m e nt a. The re fore ,  a 300· f t -. l ong, 45 · f t · wide curt ai n was de signe d which coul d skim 


warm e r wat e r rl l l dior unde rdraw cool e r wat e r de pe nding On whe t he r t he  curt a i n was in a


subm e rge d or f l oat ing posi t ion. By al l owing t he surf ace  f l ot a-t ion t anks t ohe part i a l l y f i l l e d


wi t h wat e r,  t he  e n t i re curt ai n can be subm e rge d,  cre at i ng an unde rwat e r dam which bl ocks


cool crwat cr whi l e pe rm i t t i ng t he warm e r wat e r tobe drawn ove r t he  top. Raising t hi s curt ain


t o a f l oat ing posi t ion is aCc<Jmpl ishe d by de -wat e ring t he  t anks using compre sse d ai r.


C u r t a i n D e s i gn Conc e pt s and C r i t e r i a


Curt ai n si l ing wa-s an im port ant compone nt of t he succe ssful  im pl e m e nt at ion of t e m pe ra t ure 


cont rol  curt a i ns in Le wist on and Whiske yt own Re se rvoirs. I ni t i al  ai t e  se l e ct ion was m ade 


using t hu sim pl s e ne rgy bal ance shown by e quat ion 1:


,-

· ,


( I )


whe re :


V. · 

Y 

· 

&p 

p. 

· 

p. 

g 

· 

m e an flow ve l oci t y unde r t he  barri e r, I Vse c


ve rt i cal di st ance  from bot t om ort he  barri e r t o t he bol t om of t he  e pi l im nion, fl;


P. - Po' sl ugs/f l :'


m e an dEnsi t y be twc<:n t he  be t t om of t he  e pi l im nion and t he  bot t om of t he 


curt ain,  sl ugs/f t '


re pre se nt a t i ve e pi l im nion de nsi t y,  sl ugs/f t '


gravi t a t ional const ant ,  f l I sm :'


Appl icat ion of t hi s e ne rgy bal ance  re sul t e d in an ini t i al  proposal  t o l ocat e  t he  curt ai n a t  a


se ct ion whe re  t he  unde rf l ow ve l oci t y he ad was e qual  t o or l e ss t hun t he  pot e nt i al  e ne rgy


re qui re d t o displ ace  buoyant  e pi l im ne t i c wat e r downward t o t he  bot t om of t he  curt ain. As


pre viousl y discusse d,  f inal  curt ain l ocnt ions we re de t e rm ine d using hydraul i c mode l  st udi e s.


Le wist on and Whiske yt own t e m pe ra t ure cont rol  curt ai ns we re  de signe d by e ngine e rs f rom


Re cl am at ion's Nort he rn Cal i fornia Are a Off ice . The  de sign conce pt s und cri t e ri a are 


sum m arize d as fol l ows:


1 ) /l l axim um unde r curt ai n ve l oci t i e s are  l im i t e d t o 0.3 fil s.
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2) Curt ai ns are  ful l y f l oat abl e  for e ase of inst aUa t ion and m aint e nance ; al l  compone nt s


are surf ace acce ssibl e .


3l Curt ain. s are  adj ust ab l e  t o accommodat e  f l uct uat ing re se rvoir l e ve l s and l arge 


const ruct ion t ol e rance s. 

I


4) Curt ain ve rt i cal  posit ion.s CIlIl be change d and compone nt . . re t ri e ve d using compre sse d


a i r f l ot at ion.


5) Nost ruc(ura l l oads are  t ransf e rre d t o t he  Hypal on curt ai n fabric.


6) Al l  pre ssure -be aring compone nt s of t he  curt ain fabric and m ain l oad carrying cbains


arc sagge d (70 t o 75 de gre e s of arc) t o l im i t m e m be r l oading.


7) The Le wist on Re se rvoir curt ai n can be  e asi l y ope ne d to al l ow warm e r surf ace wat e r


passage for f ish bat che ry wi t hdrawal during col de r month!!.


8) Al l nl l chor conne ct ions are  at t ache d to t he  t op of t be  e urt ain. s t o pe nni t rapid curt ai n


romoval .


9) The  m axim um curt ai n de f l e ct ion (unde r ful l  sim ul t ane ous de nsi t y and dynam ic


l oading) i s l im i t e d t o40 pe rce nt of t he working curt ain de pt h. The ave rage  de sign l oad


is 0. 6I b l f t '. 


1 0) Me chanical conne ct ions are dl '!l igne d wi t b a factor of saf e t y of 1 5 to accommodat e we ar


and fat igue  cause d by wave  l oading. The  m ain support chain bas re dl l ndal l cy a t  we ar


point s.


1 1 ) Hypnl on curt ai n fnbric wl l !! use d be cause  i t  is re si s t an t  to wat e r,  sunl igbt ,  bact e ri a, 


organic growt h, and corrosion, and is de signe d wi t ha l oading f act or of saf e t y of 1 0 t o


accommodat e  unusunl  force s duri ng asse m bl y and inst al l at ion.


1 2) Al l st e e l surf nce s are  coat e d wi t h a zinc_ base d paint t o pre ve nt corrosion.


1 3) Use  of dive rs sboul d be  m i n i m i ~ e d for e urt ain inst al l at ion and m aint e nance .


D e sc r ipt i on of Cur t a i n and i t s Com pon e n t s I


Figure  4 shows t he  basic compone nt . . of a curt l l in and t he i r re l at ionship to e ach ot he r. The 


fol l owing is a de script ion of e ach oompone nt and i t s funct ion:


T op Boom Floating Tanhl l . -The se  t anks support . e ach curt ain se ct ion from t he  wat e r


surf ace . The y are  f abricat e d f rom st e e l  pipe and are  part i al l y f i l l e d wi t b pol ye t hyl e ne foam .


Drain val ve s m ay be  mount e d to t he  bot t om f l ange s as de si re d to conve rt . a f l oat ing se ct ion of


a curt ain t oII s ~ t i o u  whicb al se s i n b .  The am ount of fM I n  in t he t ank is suf f ici e nt t o provide 


buoyancy t o t he  t op of t he  curt ai n but  not ade quat e  t o f l oat  t he  whol e curt ai n; t b e  t op t anks


m ust  be  ful l  of ai r t o noat  t he  whol e curt ain.
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Fl gu, . . 4. ·  El e vat ion .wwof a t ypical  t e mpe ral ure conl tOl curt ain and i l . ~ t r u c l u r " 1 compone nt s.


Lower Boom Weigh ted T lJnhs.-T hesc t anks are we ight e d wi t hconcre t e and hol d t he bot t om


of t he curt ain down against t he  pre ssure force s. Drain val ve s inst al l e d in t he  bol t om of e ach


t a nk pe nn i t t he t anks to be rai se d to t he  wawr surf ace  usi ng compre sse d ai r. The  t anks are 


f abricat e d rrom rol l e d st e e L A 3I 8-inchcl l ain oonne <:t l I t he se  t anks toe achot he r and to t he  t op


boom t onks.


L ake A nc h or T ank8.-T h ese t anks are f l oat abl e ,  lO,OOO-pound concre t e we ight s wi t h spike s


on t he  bot t om . The y are  use d in conj unct ion wi t ht he surf ace st abi l izing t anks toanchor t he 


curt ain. A drain val ve  in t he  bot t om of e ach l ank al l ows t he m to be raise d to t he surf ace wi t h


compre sse d ai r. One anchor t ank is use d for e ve ry 1 00 ft of curt ain.


Surfa ce Stabili2;ng T anks .-T h ese t anks yie l d a horizont al l oad int ot he  topof t he curt ain, 


which pre ve nt s anchorage force a from pul l ing l he curt ai n unde r wat e r. The y are f abricat e d


from rol l e d st e e l she e t and conne ct e d toot he r curt ain compone nt s wi t h l f2-inch, 30,OOO-pound, 


t e nsi l e s t re ngt hchain.


L a ke A n c h or Service B uoy. -Thi s buoy re t ains t b e l ake  anchor t ank f l ot at ion hose s. The 


huoy al so incl ude s warning signs for boat navigat ion.


Curta ;n Fabric &se m b l . y . -The curt ain fabric is 60-m il ,  nyl on re inforce d,  Hypl l ion rubbe r.


The curt ain is he at we l de d int ocont inuous pie ce s 300 ft l ong. Ove rl aps of 14 ft occur be t we e n


pie ce s whe n j oine d t oge t he r in t he fie l d. Al l se am s and gromm e l . s are factoT)' inst al l e d. S and


socks,  m ade  from 1 20-m i l Hypal on l ii l e d wi t hsand. we re  conne ct e d a t  t he gromm e t s to t he 


bot t om of t he  curt ain on f inal  f ie l d asse m bl y. The sand sock>< hol d t he  bot wm of t ha curt ain


down be t we e n l hc l owcr boom t anks.
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Drain V<llve A s ~ e m b l y , - T h i s  val ve  was de signe d t o al l ow ruising and l owe ring any t ank by


adding or re moving compre sse d ai r f rom t he  t ank t hrough II singl e  hose  conne ct e d to t he  t op


of t he  t ank. The  val ve  hal ! a pol yure t hane ,  4-inch-diam e t e r,  foam -f i l l e d bal l  which f l oat s t o


ope n t he  val ve  whe n wat e r is pre se nt . This de sign pe rm i t s t he  val ve  t o pass wat e r in bot h


di re ct ions but  pre ve nt s t he di scharge  of ai r. Wi t h t hi s val ve  inst al l e d in t anks conne ct e d in


se ri e s,  al l  t anks can be cont rol l e d f rom one  hose .


Cons t ru c t i on D e t a i l s


Tot al  t im e for e ngine e ring,  procure m e nt , and const ruct ion was 5 mont hs, A f ast -t rack de sign


and const ruct ion proce ss was use d in which e ngine e ring was compl e t e d af t e r t he  cont ract or


be gan const ruct ion GS E Const ruct ion of Live rmore ,  Cal i fornia,  be gan subcont ract work in


Jun e  1 992 unde r a ne got iabl e  price  agre e m e nt  wi t h Re cl am at ion. By August  26, 1 992,  t he 


830-n· l ong re se rvoir curt ai n was ope rat ional . The  300· a-I ong hat che ry curt a i n was


ope rat ional  2 we e ks l at e r. The  hat che ry curt ai n was compl e t e l y asse m bl e d and inst al l e d in


7 working days. The cost s for t he  re se rvoir curt ai n and t he  hat che ry curt ai n we re $65 0, 000


and $1 5 0, 000, re spe ct ive l y.


WHISKEYTOWN RESERVOIR TEMPERATURE CONTROL CURTAINS


Whiske yt own Re se rvoir re ce ive s dive rt e d Trini t y Rive r wal e r t hrough Carr Powe rpl ant . The 


dive rt e d f low is passe d t hrough t he WhiskcyWwn Re se rvoir,  t he S pring Cre e k Tunne l ,  S pring


Cre e k Powe rpl aot ,  and re l e ase d int o Ke swick Re se rvoir aod t he n t he S acram e nt oRive r. The 


21 4, 000-acre _ i\,  25 0-f t -m axim um -de pt h re se rvoir is l ocat e d on Cl e ar Cre e k, an in t e rm i t t e n t 


t ri but ary of t he S acram e nt o Rive r. T h r o u g h o u ~  t he sum m e r, dive rt e d inf l ows are dom inant ;


t ypical  m axim um discharge s are  about 3, 800 j \" !s. The dive rt e d inf l ows arc col d,  and S pring


Cre e k Powe rpl ant wi t hdrawal s are  m ade from de e p in t he  re se rvoir. S o ide al l y, inf l ows woul d


be rout e d t hrough t he  hypol im nion or t he  col d wat e r zone of t b e re se rvoir and iot o t he  S pring


Cre e k Tunne l  i nt ake st ruct ure . 


C a r r Pow e rpl a n t Ta i l ra c e C u r t a i n


Col d wat e r from t he Carr Powe rpl ant e nt e rs Whiske yt own Re se rvoir and pushe s Warm surf ace 


wat e r ahe ad of i t . As t he  re se rvoir cross· se ct ional  are a incre ase s,  t he  iaf l owing col d wat e r


ve l oci t i e s de cre ase  and a point  is re ache d whe re  t he  col d wat e r pl unge s be l ow t he  Warm


surf ace  wat e r. ~ ' r o m  t hi s pl unge  point ,  an int e rf ace  e xist s whe re  t he  t op of t he  col d wat e r


inf l ow m ixe s wi t h t he  b<Jt tom of t he  warm wat e r l aye r ab<Jve . The e x t e n t of t hi s int e rf acial 


mI X ing wne  is e xagge rat e d by t he  l ong, narrow inf l ow channe l . The  ne t e f f e ct  is conside rabl e 


warm ing cH he  inf l owing col d wl l lA;l r, As II l 'e sl l l t , t he  Carr Tai l m ce curt a i n was de signe d t o


hol d back t he  warm surf ace  wat e r and int roduce  t he  col d inf l ow int o t he  Whiske yt own


Re se rvoir hypul im nion wi t h re duce d m ixing.


H y d rau l i c Mode l  S t ud y


A 1 :72 scal e , de nsi t y st rat i f i e d physical mode l  was use d t oopt im ize curt . nin pl ace m e nt and size 


t o aS sure  t ha t  col d inf l ow was int roduce d a t suf f ici e nt de pt h and a t  ve l oci t i e s low e nough t o


m inim ize  m ixing. The e ne rgy bal ance pre viousl y de scribe d Wil l ! ini t ial l y use d for si t e scl t -dion.


Thre e  curt ai n l ocat ions we re  e val uat e d. I ni t ial l y,  wann wat e r de pl e t ion rat e s wi t hout  t he 
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. :urt ain we n:! de t e rm ine d t oe st abl i sht he  b85 e l ine oondit ions. The n, de pl e t ion rat e s for three


curt ai n si t e s we re  de t e rm ine d. De pl e t ion rat e s of e pi l im ne t ic ....a t e r downst re am from t b e 


e urt ainl l we re used t oindicat e t he de gre e ofmixing and ove ral l e ur t a i n e f f ~ n e N .  BecaUl>e


of l I Cl l l ing inaecurac:ie:ll (f ul l y t urbul e nt fil JWl l coul d not . bege ne rat e d a t a 1 :72 mode l l l Cl l l e ), t he 


re sul t i nc de pl e t ion rat e s we re qual i t at ive nl pre l l Cot at iona of I b e cu r tlW 1 pe rform ane e .


Model S t udy R e su l t s


The  mode l  indicat e d t ha t  a 600-f t , . l oog, 40-f t . . de e p curt ain shoul d be inst al l e d downst re am


from Cal T P o w e ~ p l a n t  a t  a c : roN  . e ct ion t ha t  is about 90 R de e pmg. 5 ). Aa wi t h pre vious


mode l ing e f fort s, mode l st udy re sul t JI we re qual i t at ive , indicat ing re l at ive re duct ions in m ixing


achie ve d wi t hvarious curt ain de signs and l ocat ions. Theopt im um curt ain l ocat ion was about 


1 . 5  m i l e s downst re am from Carr Powcrpl ant  and j ust  upst re am from t he  Oak Bot t om


Compsround and Marina. Th(! curt ain had t o be Io<:at .od upst re am from t he  campground, 


ot he rwise , a popul ar swimm ing be achwoul d be l ocat e d on t he col d wat .or side ort he curt ain.


Const n>c t ion D e t a i l s


The  Carr Powe rpl ant  t ai l race  curt ain was compl e t e d on Jun e  6, 1 993. The  curt ai n was


f abricat e d and il l Jl t al l e d ove r a I _ mont h pe riod a t  a coe t  of $5 00, 000. The  . :urt ain was of


l I imil aT de l I ign t o t b e LewilItoo Re se rvoir curt a i n . 11Ie curt ain was de signe d for re m oval  in t he 


wint e r t o a, . . rid s t orm  runof f wit h he av)' de bri s l oal U, " 'hkh coul d dam age  t he  curt ain.


BecaWleof t he he avy re cre at ional  use of t b e  re l l e I " oW, thi.e curt ain ....3. 5  de signe d t oal l ow boa t 


paMsge . A 1 6oR-wide , 6-l \-de e pboeot pu s a pwas COrl$trueted int ot he t opboom of t he curt ain


as is shown in f igure  6. 11Ie boat passage was po6it ione d in a sl ae k wat e r are a about 1 00 R


f rom t he  unde rf iow woe . The  boat pa!isage has an alive.... e f f e ct . on curt ain pe rform ance 


be cause warm wat e r passe s t hrough t he ope ning and f e e ds t he  m ixing rone ,  The di f f e re nt ial 


l oading l I e roI I I I  t.hc curt a i n ,  innue nce d by bot hde nsi t y and dynam ic e f fce t a, l ind t he  re sul t ing


l e akage rat e s t hrough t he  boat  passage , l l r C  not we l l de f ine d. Howe ve r, i f l e akage is found t o


signi f icant l y re duce curt ain e f f ie ie ne ie l l ,  a boat l ock de si sn m ay b e  pursue d.


· · 


_..


N


n

Flgu,. 5 . .  l oca l ion m apol l he c a rr t_ _ cu!1Ain.n, ~ n R _ .  Ca l i l " " " " (I lOI lO ICl l l e l .
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Figure 6 . · Pl'J<>lograph of U>e 16-fl·w1<le, 6-ft dwp boat passag<lln t he  Carr Pows."lsnt tailrace amain.


S pri ng Cre e k Pow e rpl an t  i n t a k e  Cur t a i n


The  S pri ng Cre ck Powcrpl nnt  i n t ak e  s i t s i n an e xcava t e d basi n l ocat e d oIT of t he  d e e pe s t 


port ion of Whiske yt own Re se rvoir (f ig. 7). A physical  mooe ! st udy was not conduct e d be cause 


t he  wi t hdrawa l  is f rom a l arge ,  unre s t ri c t e d im poundm e nt . Pre -curt a i n t e m pe ra t u r e  prof i l e s


col l e e t e d (l ve r t he i n t ake st ruct ure indicat e d t ha t during dive rsions. t he  int ake basin goom e t ry


ge ne rat e d a de e pe ne d warm wa t e r l aye r,  possibl y cause d by a subm e rge d,  vorW, , · l ike e I Te d.


Conse que nt l y,  conside rabl e  warm ing of re l e ase s occurs wi t h highe r f l ows C\'en ~ h o u g h  t he 


i n t ak e  i3 l ocat e d ne ar l y 1 00 rt be l ow t he  re se rvoi r surf ace . For e X l I mpl <l ,  in Ju l y 1 992, 


t e m pe rat ure s m e asure d a t  t he S pring Cre e k Tunne l int ake (El . 1 085 ) worn 4 OFwarm e r t han


a t  t he  sam e  e l e vat ion in t he  m ain body of t he  re se rvoir,  The  curt ain conf igurat ion was


se l e d e d t o e l im inat e  t he  inf l ue nce  of t he  int ake  basin,  t hus pre ve nt ing t he  wi t hdrawal  of


e pihm ne t i c wat e r. Like  t he  Le wist<m Re se rvoir curt ain,  t he  S pring Cre e k 'runne l  int ake 


curt ai n was de signe d toe xcl ude  t he  wann surf ace  wat e r and al l ow col d wat e r wi t hdrawal s.


Figure  8 i s an int e re st ing phot ograph t ake n by a t e chnician ae rvicing t he  t e m pe rat ure 


moni t oring e quipm e nt . This phot ograph shows a circul at ion which de ve l ope d inside  t he 


curt ai n. The  circul at ion i s highl ight e d by de bris ou t he  wat e r surf ace . This circul at ion


de ve l ope d in t he spring whe n t e m pe rat ure st rat i f icat ion was we sk. This phot ographve rif i e s


t hat a circul at ion st i l l de ve l ops in!l ide t he curt ain. Howe ve r,  t he curt ai n l im i t . . t he suppl y of


e pi l im ne l i c wat e r,  which m inim ize s t he  warm ing of wat e r dive rt e d int o t he  S pring Cre e k


Tunne l .


"


.
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Flgu,e 7 . ·  Local " '"  map of the SprinG C _ k  Tunnel intake cunain, Whlslceylown ReselVol,. C . l i l " , n ~ (nOll!) $ClIlc).


FIGUre 6. - Pholograp ll DI a 1 8 r g e - " " , ~ 1 &  clrcul8!1<l<1 which f  ~  0 "'" lI1e Spring Cre..k Tunne l l nt . koslruc1ufEI in tho


spring of \995. The t e mpe rat ure ront , '" c u ~ a i n  I . visibl e In the bacl<g'ouoo. Photographby John Manln,
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Cons t ruc t i on De t a i l s


A loo.-f t . -de e p, 2, 400-f t . -l ong, surf...", suspe nde d cunain whidJ e ncl ose d t he  S pring Cre e k


'T'unne l i nt ake basin w u compl e t e d on. Jul y 1, 1 993. The S pring Cre e k curt ain was fabricat e d


and inst al l e d OVe r. 4· m ont hpe riod a t a COl l t of$I , 800,OOO.


FIELD EVALUATIONS


Re s e nm u- Ope ra t i on s


~ r v o i r  ope rl l t ions are  l in im port ant  c o m p o n e n ~ in t he  anal ysi s of t e m pe ra t ure  cont rol 


curt am  pe rform ance . A sum m ary of t ho ave rage  mont hl y ope rat ions of Whiske yt own


l { e se rvoir is pre se nt e d in t abl e  1 . Al soincl ude d in t abl e  1 are  t he  re l e ase  wat e r t e m pe rat ure s, 


whe n avai l abl e ,  for CMr and S pring Cre e k Powe rpl ant l l . Ope rat ions for Le wist on Re se rvoir


are  not incl ude d be cause t he y arC al most ide nt ical  1.0 t he Whiske yt own Re se rvoir ope rat ions.


The re ason for t he  8 i m i l a r i ~ y i s t ha t during t he sum m e r mont hs, bot h re ae rvoira are  ke pt a t 


a ne arl y const ant wat e r surf ace e l e -· at mn. Conse que nt l y, nm . · s from lewgl.on pal l l iing t hrough


Carr Powe rpl ant m ust  be ~ im m e diat e l y t hroughS pring Cre e k Powe rpl ant . S im i l arl y.


C a n Powe rpl aDt f l ows are  al m ost  al ways t he  U I D e  as oul f l ov..s from Trini t y D am .  Whe n


possibl e , Carr and S pring Cre e k powe rpl ant l l  are ope rat e d t o produce  powe r during pe riod$


of pe ak powe r de m and.


H ist orical  da t a indicat e t ha t l arge 'ool um e l  (on an ra g e  1 . 3 million acre -f t . ) of Trim t y R" 'e r


wat e r are di " e rt e d t o t he S acram e nt oRive r basin in t he  mont hs of Jul y t hrouCh S e pt e m be r.


I de al l y, Trini t y Rive r dive f l l iol l A an: col d e nough t o he l pcool  warm e r wat l !r pl I . l I I I ing t hrough


t he  S has t a Powe rpl ant t o he l p m e e t t he 5 6 ·Y t l !m pe rat ure  re qui re m e nt in ~  S acram e nt o


R" oe r be l ow Ke swick Re se rvoir. Di " e nl l ons a r e  st oppe d i f t he di " e rt e d wi l i e r ge t l l  t oo warm . 


This si t uat ion occurre d in 1 992 whe n nort he rn Cal i forn, a was e xpe ri e ncing I I drought and


RgRl n in 1 993,  whe n a we t ye ar l im i t e d t ransbal l in dive rsiol l l l . Conse qucnt l y, t he onl y mont h


wi t h sim i l ar ope rat ion. for pre - and post -e urt ain condi t ions WBll August  for ye nrs 1988 and


1 994, re spe ct ive l y. As e  re sul t ,  t he  m aj ori t y of t he  pe rfonnance e val uat iona wil l  be  base d on


dat a col l e ct e d from t he se oomparabl e mont hs, 


1 992 Cur t a i n I nt l t a l l a t l ol l l l  and Ope ra t i on l 


The Le wist on Re i e rvoir curt ain Wl l S  inst al i l !d in l at e August  1 992,  whichal Jov.'e d a sbort t im e 


pe nod t o col l e ct  pe rform l l nce  da t a during lbe 1 992 st rat i f i e d 1 I CUOn. A . um m ary of l he 


ave rage mont hl y re l e ase e  t hroughCarr Powe rpl ant (Ol l t f l ows) i5 cont aine d. in t abl e 1 . Pe aki ni


powe r ope rat ions were t ypical during t he  1 992 e val uat iqn pe nod.


1 993 C u r t a i n i n s t a l l a t i ol U l and OpfTa t l OD I 


"'"(1Wluskl !)" " Wwn Re se rvoir curtains ~ ' l ! n ! inat al 1 e d in ~  sum m e r of 1 993. TI l e Carr Tai l race 


curt ain W I l S  inst al l e d on June 8, and t he S pring Cre e k curt a i n w u inst al l e d on June 30, 1 993.


Al t houghan e xt e nai\" e moni t oring " Y" t e m was inst al l e d, ve ry l im i t e d pe rforman" " , da t a we re 


col l e ct e d i l l  1 993. During t he  we t  ye ar of 1 993, onl y int e rm i t t e n l  di " e rsiol l l  " 'e re  m ade 


t hrough Carr Powe rpl ant  and int o Whiske yt own Re se rvoir during t he  spring and e arl y


summ e r. As a re !l ul t ,  t he Oak Bot t om curt ain coul d not de l ive r col d wat e r infiowl I as de signe d.
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This ope rat ional sl 'e nario re sul t e d in August  wat e r t e m pe ra t ure s t ha t  we re  too warm (above 


5 6 OF) t o be dive rt e d int o t he  S acram e nt o Rive r. Conse que nt l y ,  cont inuous,  high vol um e 


dive rsions did not occur in 1 993. As I I re sul t ,  m e aningful curt ain e val uat ions we re  n o ~ pml sibl e 


i n 1 993.


Tabl e  1 . 

o S um m aI )' of Whiske yt own Rcge " , oi r ope rat ioI l . 'l for Ju l y t hrough S e pt . e m be r 1 988-1 994.


Jol \' Me an Mont hl v Val ue s


Wal <!' 

"IT 

Carr P ~ w e r p l . n t 


S p r i n ~  S p!int r Cre e k


S urf _ a> 

Powe rpl al l l  

~ l e a " "  

Cr" " k 

l 'owe rpl 81 1 '


El e vat ion Flow 
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Te rnpe ra l u rn 'F )
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65 4. 0


5 6, 3


1 994 l Z()9,OO 
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1 209, 05  
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1 969 

1 206, 74 

291 4.0 49.0 291 6. 2 'l il A


" 00 

1 206, 94 

275 7.6 46.9 2742.2 
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1 202. 1 4 2981 . 9 

N" 


3446. 2


N" 


, m  

1 20696 493. 6 

5 3. 1 


41 5 , 4
 5 6, 5 


'''' 

1 209. 1 2 

?5 1 . 0 

5 1 . 9 

?34, 0 5 7, 9

"" 

1 206, 90 

992. 0 5 1 . 1  962. 0
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1 994 Ope ra t i on s


I n 1 994, wa t e r was dive rt e d t hrough t he  syst e m cont inuousl y be ginning in m id-May, which


provide d opt im um condi t ions for curt ai n e val uat ion. For about  a 2-mont h pe riod. ful l  capaci t y


base  l oad powe r ope rat ions we re m aint ai ne d a t bot h t he  Carr and S pring Cre e k Powe rpl ant s.


As of l a t e  Jul y ,  re se rvoi r ope rat ions we re  modif i e d t o a part i a l  pe aking powe r ge ne ra t ion


mode . Ful l  pe aking powe r ope rat ions we re s t art e d i n S e pt e m be r,  Ext e nsive  monit <;l ring using


t h. . nni s t orchai ns and an ADCP (acoust ic Doppl e r curre n t prof i l e r) was conduct e d Ul docum e nt 


curt a i n pe rform ance .
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SYSTEM-WIDE PERFORMANCE EVALUATION


Tn 1 990. · val ue e ngine e ring t e am was fonne d t o inve st igat e and de ve l op m e t hods t o cont rol 


r e l e u e  wat e r t e m pe rat ure s t hrough t he  S pnng Cre e k Powe rpl ant  (Re cl am at ion. 1 990).


Obe e rvat ionl l of t e m pe ral un! gains as wat e r n--s from Trini t y Lake i form crl y known as Cl ai r


Engl e  Re se rvoir) t hrough Le wist on and Wl uske yt own re se " , , -oinI  and l ~  S pnng Cre e k


Powwpl ant , usm g l im i t e d da t a col l e cUd in 1 987, 1 988, and 1 989, a n l I umm arize d as fol low..


·  A 2 F incre ase  in wa t e r t e npe ra t un l  oc:cun be t ....-e e n hypol imDe t ic wa t e r in Le wist on


Re Rrvoir and ....a t e r r e i -n e d int otheCaIT Powe rpl ant t ai l raa!. 1 b e t e m pe ra t ure i ncre ase 


re su l u be cause t he  CleaTCre e k Tunne l i nt ake is posi t ione d ne ar the aurf ace of Lewiston


Re se rvoir As a re sul t ,  t b e  . . 'it bdl '1 l ...· . 1  woe  incl ude s a combinat ion of e pl 1 imnct ic and


hypol im ne t ic wl l t e r. Warm ing was .1 .80 ide nt i f i e d in t he  I O. S -m il e -l ong Cl e ar Cre e k


Tunne l , but t he t e m pe rat ure gain was not quant i f i e d.


·  A 3 t o 5  of  i ncre ase  in wat e r t e m pe ra t ure  occurs as wa t e r re l e ase d int o t b e  CarT


Powe rpl ant  t ai l race  f l ows u a de nsi t y curre nt  int o t he  hypol im nion of Whiske yt own


Re se rvoi r. The  t e mpcral uN:! gain l ike l y «'8ul l .o from int e rf acial  '" l oong, whl chO<:CUtl l as


cold. wat e r rde ase d. f rom Carr Powe rpl ant  pl unge s ~ l o w  t he  w" rm l urf ace wat e r in t he 


re se rvoI r.


·  A 3 t o 4 " F incre ase  in wat e r t e m pe rat ure  occurs be t we e n hypol im ne t i e  wat e r in


Whiske yt own Re se rvoir and Wl I . l e r re l e ase d. int .o t he  S pring Cre e k Powe rpl ant  t ai l race .


The  t e m pe rat ure  incre Me  l ike l y re sul l . l  from t he  wi t hdrawal  zone  e xt e nding int o t he 


e pi l im ne l i c wat e r above  t he  S pring Cre e k Tunne l  int ake  st ruct ure . Wl I rm ing was al so


ide nt i f i e d 1 1 \ t he  3. 1 -m il e · 1 ong S pnng Cre e k Tunne l ,  but  t he  t e m pe rat ure  l inin was not 


Qunnt if i e d.


B e cause of l im i t e d pre -curt ai.D t e m pe rat ure dat a ,  August  1 988 Wal i t he onl y mont h during


which re se rvoir ope rat iol \. !l  re se m bl e d post -e urt ain ope rat iol l l l  during August  1 994. AJ!, a


re sul t ,  pe rfonnanoe e o. 'a. l uat iol l l l we re base d on d.at a rol l e ct e d f rom t.beac romparabl e  mont hs.


A romparison of August dat a fur 1 988 and 1 994 indi t at e d t ha t fur similar re se rvoir ope rat ions.


t he  Le wist on and Whiske ytowD Re ae n·oir curt ains reducro t he  S pring Cre e k ro. . · e rpl ant 


re l e ase  t e m pe rat ure s by 3 t o 5  'F f rom the pre -curt ain rondi t ion. Thia rompari80n was


COfUI l ! . . . .· at h· e be cause e st im at e a ofTrini t y Dam " , \e ase t e rnpe ral . nre s we re probabl y I  " F e onl .....


be cause  t he  wal e r surf ace e l e o. ·at ian a t Trini t y Lake was 30 f\ highe r in 1 988. I n addi t ion.


a '....rage dai l y f l owl  in August  1 988 and 1 994 " · e re 3, 300 and 2.800WI,. re spe e t we l y H ighe r


flow I n  1988wool d ha, · ... re duce d De t t e mpe rat ure gain throughthe 1)<" S te ffi be cause v e a t e r


wann wat e r di l ut ion ....oul d 0t :CW'. For e xampl e ,  1 988 d a t a showe d . de c:re ue in S pnng Cre e k


ro. . · e l l 'l ant re l e ase t e m pe rat ure s from 5 9.7 F in Jul y t o5 6. 8 - . ' in August whe n f l ows we re 


i ncre ucd f rom 2, 300 t o 3, 300 ft.'I.. Anot he r possibl e  re aJlDn for t he  de cre aae  in re l e Al l l !


t e mpe rat ure l l l  WM a change  in powe r ope rat iona (e .g. ,  changing from pe aking t o base  l oad


powe r ope rat iorul ). Howe ve r, t hi s re l at ion. hipCDuld not b e  ronf irm e d be cause t he discharge 


da t a avai l abl e for 1 988 we re a" e rage dai l y va l uu . 


An anal }" !l s of t he August 1 988 t e m pe ra t ura m e asure d a t Carr and S pring Cre e k Powe rpl ant 


t l l . l l race s showe d t ha t an ave rage 7.2 OF ~ m p c r a t u r e  gain occurre d be twl :l :n Carr and S pring
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Cre e k Powe rpl ant s. A sim i l ar anal ysis of t he  August  1 994 dat a showe d an ave rage  3. 5  "I"


t e l Dpe n1 t ure gain be t we e n CIUT and S pring Crock powe rpl ant a. A comparison or. i m i l a r d a t a


(or Carr Powe rpl ant  r e l e . . - sho.....ed t ha t  August  1 994 re l e ase  t e m pe rat ure s " 'e re  0. 2 . ~ . 


cool e r t han in 1 988. The appare nt  poor pe rform ance of t he Le wist on Re se rvoir curt ai n was


probabl y a l 't !S ul t of t Jt e di f f e re nce s ill t he Trini t y Lab pool e l e vat ion and dive rsion I10w ra t e s . 


I n aDmm al )', for Auguat  1 988 ope rat ions (pre -curt ainl . a 3. 5  "I" t e m pe ra t ure l a i n Ott'Urred i n


Le wiat on Re se rvoir,  and a 7. 2 01" gain occurre d in Whiske yt own Re se rvoir. For Al , IgUl lL 1 994


ope rat ions,  "  3.3 °F t e m pe rat ure  gain 0CCUJ'l'ed in Le wist on Re se rvoir,  and a 3. 5  . ~ '  gain


occurre d in Whil l ke ytown Re !l e fVoir. 'I'Im m al yai . de m onst rat e s t ha t  most of t he  curt ai n


be ne f i t OC(:UI1I in Whiske yt own Re se rvoir. This l l nal ya'. cont ains som e  u n ~ r t a i n t i e 8 .  which


incl ude unknown m e t e orol ogical condi t ions (wind, ai r t e m pe rat ure s,  re l at ive  hum idi t y,  e t c. ), 


unknown hourl y re se rvoi r opcrnt i " os for 1 988 da t a ,  and t rave l  t im e  cfTe cl . l l on wat e r rout e d


t hrough t he  Le wist on and Whiske yt own re se rvoirs.


LEWISTON RESERVOIR AND FISH HATCHERY CURTAIN EVALUATIONS


Re <:l amat . ion, U. S . Fish and Wil dl if e S e rvice , and Cal i fornia D e p a r t m c n ~ of Fish and Gam e 


i m pl e =t e d a moni t oring provam t oe val uat e ~ h e  Le w\. l l ton Re se l Tnrr t e m p e r a ~ u r e  cont rol 


e urt ains. Te mpe rat ure prof i l e s we re mealIure:I. upl l re am and downst re am from t he f e S e l Toir


curt a i n si t e  for pre - and poe :t -e urt ain condi t ions. M l ! Q u ~ m e n t a w e n abo col l e ct e d in t he 


Cl e ar Cre e k Tunne l and Le wist on Fish Hat che ry int ake st roe t ure s. 1 " " 0 cri t e ri a .... e re use d


t ode t e rm ine t he  pe rfonnance nf t he t wocurt ai ns de pl oye d in Le wist on Re MI " ';oir 'T't.e rm rt 


cnt e ri a was t ode t e rm ine i f t he curtain W 8l l  e t re cl .h-e in modif ying t he  re se rvoir at rat i f icat ion.


The MCOI ld cri t e ria W 8l l  t ode t e nni ne i f t he t e m pe rat ure gain of ...· a t e r be ing conve ye d t hrough


t he  re se rvoir was re due e d.


Figure 9 pre se nt s a se t . ofpre - and post .-c:urt ain t e m pe rat ure  prof il e s col l e de d from Augusl 1 5 


t hrough S e pt e m be r 4, 1 992, whichil lW>t rat e  t he  modif icat ion t o t he  re " " rvoir nral i f i cat ioo.


The re se rvoir curt ain inst al l at ion be gan 0 0 Augusc.21  (day 234) l ind wal l ful l y ope rat ional  on


August 26,  1 992 (day 239). The 35 · f t . -de e pcurt ain is re pre se nt e d on Eauro9 by a ve rt ical bar.


Pre -<:unain profil e s ool l e ct e d upst re am and dowOl l l rcam from t he curt ain si t e are e ue n l i a l l y


ide nt ical ,  but  posl -curt ain prof i l e s show a . u b e t l l n ~ i n l  modif icat ion t o t he  re se rvoir


st rst i f icat ion. The  prof i l e s col l e ct e d upsl roam from t he curt ain indicat e d a sl ight t hicke ning


of t he  e pi l im nion. Profil e l l  Ql )l l e ct e d dowDl I t re am from ~ h e  curt ain indicat e d an upward


d i s p l a c e m e n ~ of t he  I .he nnodine  and a '· e ry shal l ow e pi l im nioo. Minor f l uct uat ions in t he 


st rat i f icat ion, e spe cial l y surl ace t e mpe rat ure s, we re snri but e d t ovari. abl e re 5 Crvo, rope rat ion!!


and m e t e orol ogical condi t ions.


A t l udt e r ep ilimnioo forms upat .Te am from t he curt a i n becaWle warm wat e r aa:um ul at e a and


incre ase d e ne nt Y i s avai l abl e a ~  de pt b t odraw wann wat e r down....ard . The se profil e t i we re 


col l e ct e d during pe skj nr powe r oJ" " nl t ions nl t b e r t han base  l oad Ope n. t iolUl  a t  C a rr


Powe l " pl ant . For base l oad ope n. t ions. t he  t e mpe rat ul " l 'S inside  t he curt ai n shoul d be e ve n


more  homoge nous be cau!l e  wann wat e r woul d not . be  abl e  t o accum ul at e  as i t doe s during


J" " riods wi t h no powe r ge ne rat ion.
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Figure  1 0 l l m ws 1 992 Le wist on Re se 1 '\'Oir ope rat ion5 , a I r t e m pe rat ure s,  hourl y t e m pe ra t ure s
 I


col l e ct e d in Cl e ar Cre e k Tunne l , and t he Le wiaton FishHat che ry int ake t e mpe rat ur" l !l l . Fif:W1 '


lOa l hows t he  re se rvoir ope rat ions for t he  pe riod of e val uat ion and hourl y a i r t e m pe rat ure !l 


l I lCl l 5Ure d a t  Le w:ialOn Dam . The e e dat a be l pe xpl ain t he short -t e rm variat ions in CI e 4r C" " " k


Tunne l and Le wist on FishHat che ry i nt ake t e m pe m t ure s. Howe ve r,  t he  l ong-t e rm vari at ion


in wi t hdrawal  t e m pe ra t ure s was a di re ct  re sul t  of the t e m pe ra t ure  cont rol  curt ainl l . 


Figure s lOb and tOe show t he e  f  f  ~  _ of tile re se rvoir and hat che ry curt 4inl l  in re ducing


wat e r t e m pe ra t ure s e nt e ri ng t oo inWl l l I  for &e\....ra l  days af t e r c:urt l I i.n i l \l l t al l at ion. For


sim i l ar ope rat ional condi t ion5 (f l ow, dum t ion. t im e of day),  t e mpe rat ure e : re l e ase d t hrough


Carr Po" .. e rpl ant .... e re de cre ase d by 1 .5 to 2. 5  OF (fig. tOb). Thil l  re s" Jt corre sponde d .....e l l t o


t he  re &e rvoir and di scharge condi t ions obse rve d in t he  phys. caJ ID(I (ie l ,  whe re  t he  re se rvoir


curt ain re duce d wat e r t e mpcrat ur1 !! re l e ase d l.h.roughCl e ar Cre e k Tunne l by about 2. 5  ~ F. The 


l im I t e d cool ing at hi e ve d was in pt I rt cause d by .... e ak t e m pe rat ure I I rrat if i e e . t ion in Le wist on


Re se I " o"Oir. During highdiv.... rsiona, t he re l at i \'e l y shal kt w re se 1 '\-oir can be ful l y f l ushe d in I _ 


t han 3 dayt l  and e xpe ri e nce s signi f i e ant  m ixing. Figure s l Ob and JOe  bot h show re duce d


diurnal  f l uct uat ions in wi t hdra" 'a I  t e m pe rat ure s be e ause  base  flow surf ace  wi t hdrawal s


(200 n'/ae cl  t o t he  hat che ry, in combinat ion wi t hCl e ar Cre e k Tunne l wit hdrawal A, e vacuat e d


warm surf ace wat e r whi l e t he curt ain bl ocke d e pl l im ne t k re pl 1 l <':'e me nt wat e r. I n ot he r words, 


warm wat e r wal l  wi t hdrawn fal l t e r f rom inside t he cun. ain t hl l n i t coul d accum ul at e .


Figure  lOe  shows t he  ve rsl l t i l i t y of t he  Le wiat on fiah hat che ry curt ain. I ni t I al l y,  cun. ain


inat a l l a t ion Wll.'l compl e t e d and s e t  in an undcrdrl l w po9it ion (day 248) and W l\ 3 t e l l t e d in


rl l i se d and l owe re d posi t ions on day 25 2 and f inal l y se t  in I I  l I kim nung pol i t ion on day 254.


Unde rdraw ope rat ion re duce d wi t hdrawal  t e m pe rat ure s l in addi t ional  1 .5  OF for a t o ~ a l 


re duct ion of 4.0 oF'wi t h re spe ct  to pre · curui n t e m pe rat ure s. Af t e r 6 days of ope rat ion, t he 


hat che ry curt ain Wl l ! l  subm e rge d to wi t hdraw wanne r w a ~ r  from t he  surf ace  of Le wist on


Re se rvoir. S kim m ing ope rat ions incre ase d hat che ry wi t hdrawal  t e m pe rat ure s by about 


1 .5  t', which Wal l  $im i l ar t o t he  wi t hdrawal  t e m pe rnt ure 5  m e asure d prior to i nst al l at ion of


t he hat che ry curt ain. Thill pe rform ance was indicat i \.... of a we al r. st rat i f i cat ion whichl I X isl e d


dowl l l l t re l l m from t he  n'S e rvoir cUrUl iD. Howe ve r,  hat che ry " 'ri t hdrawal t e m pe ra t ure s m ight 


be  f urt he r m cre ase d in t he  fal l  and w i n ~ r  by bre aching t he  1 1 !" e r.... l i r curt ai n t o al l ow al l 


avai l ab l e  warm S Urfl ice  wat e r uJl l l t re am from t he  re se rvoir curt ai n t o re pl e ni sh aurf ace 


wi t hdrawal , . 


Figure  11 P" 'l I " nL!. 1 994 da t a t ha t i l I ust rat . e t he e :urt ain's pe rform ance for t hre e t y p" ofJlO'l " e r


ope rat ioDl l a t Trini t y and Carr Powe rpl ant a'


I  During cal e ndar days 220 t hrough 228, the f lo... ·s t hrough the re se rvoir .....e r e hu e  Joad


powe r e pe rat ions. and the " " e rage dai l y d ~ h . r g e Was about 3, 200 f t '/a.


2. During d a p 229 t hrough 241 ,  part I al  pe al ung powe r ope rat ions .... e r e  in e f f e ct  wi t h I 


t urbine on (m l t inuoUl l l y a t 1 , 800 n'/a, and pe aking was pe rform e d wi t h t he ae cond t urbine 


ope rat i ng for 1 2 t o 1 5  hours I I day for a t ol e l  f l aw of 3, 5 00 I t 'l l . For t hi s pe riod, t he 


avcrl l ge dai l y di scharge w" " , about  2, 900 f t . · l se c.


3. During days 243 t hrough 260, pe aking ope rat ions we re  use d wi t h 1 and occasional l y 2


t urbine l l  ope rat i ng for 6 to 1 2 hours. For t his pe riod, t he  I I ve rl l ge dai l y di&e harge  was


about 5 00 ft .'l se <:.
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(A) Temperature Profiles Collected Upstream of Reservoir Curtain
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Figure 9. · Temperature profiies collected (a) upstream and (b) downstream from the Lewiston Reservoir curtain site,


and (cl near the Clear Creek Tunnel intake structure from August 15 through September 4, 1992. A comparison for pre-

and post·curtain temperature profiles indicates that the curtain modified the reservoir stratification, especially


downstream from the curtain. Note: Btack dots indicate temperature data points.
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Figure 11. ·  (a) luwislon AasaNoI, Inllows and OUI!lows and (b) Infl<>w and outflow temperalures IlIu$t,ate Ihe


t e mpe rat ura l I al ns lor various , e se rvol , " P" , al ions during A U 9 ~ t  and S e l l l am l xir 1 ~ 4 . 


A comparison of ave rage  re se rvoir inf l ow und out f l ow t e m pe ra t u r e s (f ig. l i b ) shows I I


consist e nt 3. 5  OF t e m pe rat ure gain t hrough t he  re se rvoir ror days 220 t hrough242 re gardl e ss


of t he  t wo t ype s of ope rat ions. About 1 .9 OFof warm ing occurs upst re am from t he  re se rvoir


curt ai n and 1 .6 " F downst re am . Howe ve r, whe n pe aking ope rat ions we nt  int oe I Te ct on day


242. a st e ady incre ase in out f l ow wm pe ra l ure  was obse rve d. AfWr day 25 2, t he  t e m pe ra t ure 


gai n t hrough Le wist on Re se rvoir had st abi l i , . e d t o 6. 4 " F; about  4 OF of warm ing occurre d


upst re am from t he curl a i n and 2.4 OF downst re am . The addi t ional  2. 9 OF t e m pe ra t ure  gain


occurre d be cause warm wat e r accum ul at e d t hroughout  t he  re s'l rvoir duri ng no f l ow pe riods.


The n. during ful l  pe aking ope rat ions. t hi s warm wat e r was m ixe d inl .O Trini t y Dam re l e ase s


aud was wi t hdrawu. Anot he r way of de scribing t hi s t e m pe ra t ure  gain is t ha t  be cause of t he 


l owe r ave rage dai l y discharge ,  t .he accum ul at e d warm wal e r unde rgoe s l e ss di l ut ion. I t shoul d


be  l I ol t Jd t ha t  about . I I 0. 5  OF t e m pe ra t ure  gain can be  at t ri but e d t<J i ncre asing inf l ow


t e m pe ra t ure s f rom Trini t y P<Jwe rpl ant . !vJ a re sul t of t his signi f icant t e m pe rat ure  gain,  i t  was


concl ude d t hot  ful l  pe aking ope rat ion (both t urbine s e i t he r on or off) shoul d be avoide d during


pe riods whe n re l e ase  t e m pe ra t ure  re st ri ct ions are  in e f f e cl .
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Cont inuous t e m pe n t ure prof i l e da t a ool l e ct e d a t hourl y int e rvahl on bothside l l of t he Le wist on


Re se rvoir curtain for August  1 2 t hrough 23, 1 994 (cal e ndl U' days 225 t o 236). are shown on


f l JUl 'e !I  1 2b and 12c. 'Jbe se  pl ot a of t e m pe rat ure  cont ours (isot he rm s) i l l ust rat e  t he 


modif icat ioo t o t b e t e m pe rat ure st rat i f icat ion ge ne rat e d by t he t e m pe rat ure ((I ntTol c:urt ain


for t wo t ype !l  of powe r ge ne rat ion l I Che me a 8.!1 dcsc:ribe d e arl i e r (Fig. lOa). For bot h t he se 


ope rat ional 8Ol 'nariOl l , t he t e m pe rat ure prol il \'. 'l ool l e ct e d downst re am from t he curt ain are ve ry


uni form in t he  5 0 t o 5 4 OF range . The  t e m pe rat ure  prof i l e s col l e ct e d Upl l t re am from t he 


curt ain sbow pe riods of variabl e t he rm al  st rat i f icat ion cause d by diurnal  f l uct uat ions in t he 


am ount  of inaol at ion (aol ar he at ing),  Figure s 1 2h and c i l l ust rat e  t ha t  t he  curt ain Wl l S 


e f f e ct i ... e  a t isol at ing t he Cl e ar Cre e k Tunne l  int ake  st ruct ure  from t be  t he rm al l y st rat i f i e d


re se rvoir. Whe n ope rat ions we re  swi t che d t o part i al  pe aking, gre at e r f l uct uat ions in


t e m pe rat ure s ()C(:urTe d upst re am from t he curt ain be cause  flow f l uct uat ions cause d pe riods


of ine re ase d and re duce d m ixing, I nt e nse mi.s:ing occurre d during pe al ung t ha t " 'oul d b e ri n


t obre ak down t he st rat i f i cat ion in t he  upst re am pool . Conve rse l y,  pe aking bad l i t t l e e !Te e t 


downst re am from t he c:urt ain. Thi.& ope rat ional change  had l i t t l e or noimpact be cause  t he 


int ake would cont inUOUl l l y wi t hdraw aurfl tCl l ! wat e r, 10 warm wat e r wi l l unabl e t oaccumul at e .


Unfort unat e l y, not e mpe rat ure prof i l e da t a we re a" ai l ab l e for ful l  pe aking ope rat iol Ul , which


we nt i n t o e f f e ct on cal e ndar day 243, 


CARR POWERPLANTTAILRACE CURTAIN PERFORMANCE EVALUATION


The  Carr t ai l race  curt .a. in was re inst al l e d in Whiske yt own Re se rvoir for st rat i f i e d se ason


ope rat ion on May 10, 1 994 (day 1 30). Cont inuous t e mpe rat ure profil e dat i l col l e ct e d upst re am


from t he curt ain si t e sbow ~ i g n i f i c a n t warm ing of t he inf l ow t e mpe rat ure a in t he 1 0 days prior


t oiDJ!l t al l at ion and a signif icant re duct ion in inf l ow t e m p e r a t u ~  in !.he  20 days af t e r Cl l rt ain


ilUl t .al l at ion W l l $ compl e t e (fig_  13). The re duct ion in t e m p e r t l t u ~ w l I l i  at t ribut e d t oa re duct ion


in warm wat e r a...ai l abl e  a t  t he  m ixing ZDlle whe re  t he  Carr Pawe rpl ant  inf l ows pl unge 


be ne at h t he  re se rvoir's e pi l im nion. The  diurnal  f l uct uat ions in t he  st rat i f i cat ion we re 


at t rihut e d t o inaol at ion and t o diurnal  f l uct uat ions in re l e ase  t e m pe rat ure s from Carr


Powe rpl ant _  Figure  1 3 cl e arl y abowa a st rong re l at ionahip be t we e n Carr Powe rpl ant 


ope rat iolUl and t he  re ae rvoir st rat i f i cat ion upst re am from t he t ai l race curt a, n For e xampl e .


during int e rm i t t e nt  powe rpl ant ope rat iolUl on days 1 22 t o 1 26,  t he  re se rvoir t e m pe rat ure s


be gan t o wann rapidl y. On day 1 27, whe n t he  Carr Powe rpl l l l l t  re sum e d cont inuous


ope rat ion, ~ u b s \ . l l n t i a l  m ixing cause d a ne arl y compl e t e  bre akdown of t he  t he rm al 


st rat i f icat ion. Afl . e r t he curt ain was inst al l e d on day 1 30, oold wat e r inf l ows we re e st abl ishe d


and m aint aine d for t he l " Cst of t he monthof May, For days 141  t hrough 1 5 1 ,  f igure  13 ~ h o w s 


t ha t  base l ond powe rpl ant ope rat ions cre at e d opt im um condi t ions for curl ain pe rform ance as


de monst rst e d by t he 48 OF inf l ows.


Cont inuol l S t e m pe rat ure profil e dst a col l e ct e d hourl y on bothl l ide :s of Carr Powe rpl nnt t ai l race 


C U M O  for August  13 t hrougb 24, 1 994 (cal e ndar days 225 t o 236),  appe ar in f igure  1 4 A


oomparison of t he se t e m pe rat ure oontour plot!s i l l ust rat e a t he modif icat ion t o t he st rat if iCl l t ion


e ause d by t he  t e m pe rat ure cont rol curt ain for " , 0 t ype s of powe rpl ant ope rat ions shown in


f igure 14a_  For bNe Jo.d and part i a l  pe aking p" " " e r ope rat iona, t e m Jl l " rat ure profil e l l e oUe ct e d


downst re am from t he curt ain we re st rongl y st rat i f i e d; t he t he rmocl ine w8l l iocat e d be t we e n


e l e vat ions 1 1 80 and 1 200 ft.. In f igure  1 4c, variat ions in t he rmocl ine e l " " at ion we re at t ribut e d


t o pe aking powe r ope rat ions and t o f l uct uat ions in t be  ve rt ical  e J<panaion of t he  de nsi t y


cu rnn t pasaing unde r t he curt al n. S l uga of warm e r wat e r t ha t move unde r t he curt ain are 
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.


more  buoyant t han t he hypol imnion and e ol e r t he  re se rvoir as an int crf l ow, whichdispl ace s


t he e pi l im nion dowl 1 l l t re am . Conve rse l y, whe n cool e r wat e r is re l e ase d from Carr Powe rpl ant .


unde rcurt ain flows e nt e r t he  hypol imnion as an unde rf l ow and t he e piJim nion move s back


upst re am . This proce ss was al soconf i rm e d by ve l oci t y prof i l e s col l e ct e d downst re am from t he  I


curt ain and by visual obse rvat ions of curt ain shape . Whe n t he downst re am t he rmocl ine was


ne ar e l e vat ion 1 1 80 f t ,  t he curt ain woul d bil l ow dram at ical l y in t he  upst re am dire ct ion unde r


a l oad ge ne rat e d by t he de nsi t y dif f...re nt i a l (fig. 1 5 ). Howe ve r, whe n t he  t he rmocl ine was at 


e l e vat ion 1 1 90 ft or highe r,  t he  de nsi t y l oading woul d e qui l i brat e  and t be  curt a i n woul d


st rai ght e n out . This bi l l owing m ay have  I mpact e d curt ain e f f e ct ive ne ss be cause t he  de rorm e d


CUNin has a re duce d de pt h,  which m ay al l ow m ixing wi t h warm W(l t e r downst re am .


SPRING CREEK INTAKE CURTAIN PERFORMANCE EVALUATION


Al t hough an e xt e nsive  moni t oring S Y'l t e m was inst al l e d,  fe w pe rform ance da t a we re  col l e ct e d


in 1 993. During t he  we t  ye ar of 1 993, onl y int e rm i t t e n t  dive rsions pasae d t hrough Carr


Powe rpl ant i nt o Whiske yt own RC!l e rvoir during spring and sum m e r. A£ I I  re sul t ,  t he  wa t e r


st ore d in Whiske yt own Re se rvoir gradual l y be cam e  t oo warm t o be  dive rt e d int o t he 


S acram e nt o Rive r.


Figure  1 6 pre se nt . !! 1 994 da t a t ha t i l l ust rat e t he curt ain's pe rform ance for t hre e t ype s of powe r


ope rat ions a t  Carr and S pring Cre e k Powe rpl ant . s:


1 . Duri ng cal e ndar days 220 t hrough 228, t he  f l ows t hrough t he  re se rvoi r we re  base  l oad


powe r ope rat ions, and t he  ave rage  dai l y dis<:harge  was about  3, 200 f t " /s.


2. Duri ng days 229 t hrough 241 ,  part i a l  pe aking powe r ope rat ions we re  in e f f e ct  wi t h 1 


t urb ine on cont inuousl y a t 1 , 800 I t ''/s, am i pe aking was pe rf nrm e d wi t h t he  se cond t urbine 


ope rat i ng for 1 2 t o 1 5 hours a day for a t ot al  f low of 3, 5 00 ft' /s. For t hi s pe riod, t b e 


ave rage  dai l y di scharge  was about 2, 900 no/se c.


3. Duri ng days 243 t hrough 260, pe aking ope rat ions we re  use d wi t h 1  and occusional l y 2


t urb ine s ope ra t i ng for 6 t o 1 2 bours. For t hi s pe rirni ,  t he  ave rage  dai l y inf l ow was about 


5 00 nl /se c.


A compari son of ave rage  Te se r..oi r inl l ow and out f l ow t e m pe ra t ure s (f ig. 1Gb) indicat e d a


cOl l l l ist e nt 3. 8 DF t e m pe ra t ure  gain t hrough t he  re se rvoir for days 220 t hrough 242 re gardl e ss


of t he  t wot ype s ofpowe rpl ant ope rat ions. About 2.0 DFof warm ing occurs upst re am f rom t he 


Carr t ai l racc curt ain and 1 .8 of downst re am . H ist oncnl da t a for August  1 988 and 1 989 show


t b a t  t he  t e m pe ra t ure gains of Trini t y dive rl l ions rout e d t hrough Whiske yt own Re se rvoir (for


sim i l ar powE." rpl ant ope rat ions) we re 6.4 and 6.3 '1 " , re spe ct ive l )'. The re fore ,  t he  t wo curt a i ns


in Whiske yt own Re se rvoir we re  re Bponsibl e  for II 2. 5 of  re duct ion in S pring Cre e k Powe rpl ant 


re l Nl ac l .Cmpe rat ure s. Whe n i n t e rm i t t e n t pe aking ope rat ions we nt  in t o e f f e ct on day 242, 1 \


st e ady incre ase in inl l ow t e m pe rat ure  was obse rve d (as pre viousl y di scusse d in t he  Le wist on


Curt ai n Eval uat ion se ct ion). The e f f e ct s of incre ase d inl l ow t e m pe ra t ure s t ake som e  t im e  t o


show up a t  t he S pring Cre e k Tunne l  i nt ake be cause t he  re side ne t ! t irr. e  for t he  l I ve rage dai l y


f l ows of 5 00 n'l s e c is about  5 0 days (for t he  hypol im nion vol um e  be l ow e l e vat ion I I l O).


Conse que nt l y,  warm e r inl l ows m il : int o t he  hypol im nion, producing a gradua l  incre ase  in


hypol im ne t i c wat e r t e m pe ra t ure s and in S pring Cre e k Powe rpl ant  re l e ase  t e m pe ra t ure s .
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(A) Trinity and Judge Francis CarrPowerplant Operations, 1994
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(C) Lewiston Reservoir - Downstream of Curtain (POS3)
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Figure 12. - (al Lewiston Reservoir operations where Trinity and Judge Francis Carr Powerplants represent inflow and


outllow, respectively. (b) Upstream and (c) downstream continuous temperature profile data collected at hourly intervals


on both sides of the Lewiston Reservoir curtain for the period of August 12 through 23, 1994. These plots show the


modification to the reservoir stratification generated by curtain and reservoir operations. Note: Black dots indicate


temperature data points.
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(A) Judge Francis Carr and Spring Creek Powerplant Operations, 1994 
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(8) Whiskeytown Reservoir· Upstream of Carr Tailrace Curtain
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Figure 13. - (a) Judge Francis Carr and Spring Creek Powerplant operations and (b) hourly temperature contours


collected at a site upstream from the Carr Powerplant tailrace curtain for May 1994. The Carr tailrace curtain was


reinstalled on May 10 , 1994. Temperature profiles show an immediate reduction in inflow temperatures by retaining


warm water from the mixing zone. Note: the black dots represent temperature data points.
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(C) Whiskeytown Reservoir - Downstream of Carr Tailrace Curtain


1 21 0


1 200


1 1 90


g


c


0


1180


~ 


>


·


W

1 1 70


1 1 60


226 227 228 229 232 233 234 235 236


TempOF


66


64


62


60


5 8


5 6


5 4


5 2


Figure 14. - (a) Whiskeytown Reservoir operations and temperature profiles collected (b) upstream and (c) downstream


from the Carr tailrace curtain from August 13 through August 24, 1994. Comparison of upstream and downstream


temperature profiles shows how the curtain modified the reservoir stratification. Note: Black dots indicate temperature


data points.
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FIgure 1 5 . .  Photograp/1 of !he Carr IaiIrace eurill., t>lIIowing up'Hream, which was cauoed I>y a larg<> d ~ f 9 " , n ~ a l  deMrty


road. Row from Cart f>OWerplanl moves from ..1110 rigllt


IA) Judge Fro" , , 1 0 Ce lT e nd S pm g C " . k Powe rpl onl Ol JOm ions, 1 994

·


(e) JudllO Fnoo>oloc . " ond SprIoIg C. . . .k Poworp lonl Rolo. . . rompo",tu,. . 
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FIQuro IS. - (a) Whiskeytown ReseMlI, inllows and ourtlows end (b) inllow and ootilow tempe,alwes iOust,ate the


temperature ll'llns tor various " " 'lrvoi, "P"ralions during AU9Usl and S<>plemb<lr 1Wol .
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I n 1 994, hi-hourl y t e m pe rat ure  prof i l e s we re col l e ct e d t oquant i f y t he  modif i e d st rat l f i e at ion


ge ne rat e d by t he  S pring Cre e k curtain which S UrrounM t he  S prirl i; Cre e k Tunne l  int ake 


st rue t . . . . . . . 'The S prin£ Cre e k Tunne l inl . ake conve )'l l wat e r i n t oan t&5 -R. -diam e t e r t unne l , and


t b e  int ake  e l " " . t ion is a t  e l e vat m n 1 085 fL Figure  1 7 . sbows S pnng Cn>e I< powe rpl ant 


ope rat ions,  which coosist e d of two pe rioda of baN l oad and one  pe riod of part i a l  pe aking


powe rpl ant  ope rat ions. Figure s 1 7b and 1 7"  .hO'l l ' t " " ·o se t s of t e m pe rat ure  prof i l e  dat a


col l e ct e d f rom Jul y 24 t hrough August 23, 1 994 (dl l yl l 205 t o235 ). Te mpe rat ure  prof i l e s we re 
 I


col l e ct e d On bat h side l l  of t he  curtain using t he rm i l l t or st ri ngs suspe nde d from t he  wat e r


surfl lCO!; t e m pe rat ure dat a are indicat e d on figurell I Thand 1 7" using bl l lCk dot s. I n ge ne ral , 


t he  S pring Cre e k curt ain cre at e d a sm al l  change  in t he  t he nnal  st rat i f icat ion a<:ro$S  t he 
 I


curt ain. On ave rage ,  inside t he =r t a i n ,  t he e pi l im nion was sl ight l y warm e r (+O.S " F) l i nd t he 


hypol im nion was oool " r (-0.8 OF) t han out side  t he  curt ain. Warm e r t e m pe rat ure s on t he 


surf ace indicat e d t hat  warm wat e r accumul at e d inside t he curt ain,  but  i t Wi l l i not wi t hdrawn
 I


or e xpose d t owind m ixing. Cool e r wat e r in t he  hypol imnion indicat e s t hl l t col d wat e r which


passe d unde r t he curt ain re pl ace d warm e r waLe r whichWM wi t hdrl m 'n t hrough t he S pring


Cre e k Tunne l  int ake sl ruct ure . f i gure  1 7c shows a gre at e r vol um e of col d wat or inside  t he 


curt ain. For e xampl e , upst re am from the curt ain, 5 4 to5 6 OFwat e r wasl ocl l t e d a t e l e vat ion


1 1 25 ; downst re am , t he sam e t . e mpe rat l l nl wat e r was l ocat e d a t e l e vat ion 1 1 40.
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Not e  t ha t  in f igure s 17b and l 7c,  t he  appare nt  l ocat ion of t he  t he rmocl ine  ill. e xagge rat e d


be cause t he t he rm ist ors nt e l e vat ion 1 1 70 had fail l 'd. Conse qne nt l y, t he  t e mpe rat ure gradi e nt 


is diat ort e d b e ~ w c e n  e l e vat ions 1 1 80 and 1 1 60 be cause  t he  t e m pe rat ure s we re  l ine arl y


int e rpol at e d. Manual  t e mpe rat ure  prof il e s col l e ct e d bi · mont hl y showe d t hl l t  t he  t he rmocl ine 


l ocat ion ...· as sim i l ar on bot hside s of t he S pring Cre e k curt am during Jul y Bnd August  19901.


P i g u ~  1 7b iI l ust ral . e l l  t b e  impact  of part i al  pe aking ope rat ions (daya 229 t o 235 ) On t he 


posinon of t he t be rmodine . Whe n powe rpl ant discharge s we re increued, ~ h e  e l e vat ion of t he 


t be t mocl ine droppe d about 20 It t o e Je , . 'a. t ion 1 1 70, The t he rmocl ine dra ...1iown woul d probabl y


have dim inj ghe d (n'e r t im e becaU5l'i t was DOt m e asure d during base l oad ope nr. t ions a t higher


discharge s (day 205 t hroughday 21 5 ). The appare nt anom al i e s whichappe ar on f igure  1 7a


(e . g. ,  t he  f l ow change  on day 226 and t he  t he rmocl ine  dip on day 220 during base  l oad


o i l t ! r l l ~ i o n s ) are  probabl y at t ri but ab l e  to Ul l ing t he  powe rpl ant ope rat ions 8Chedules s s t he 


act ual  p" " 'e rpl ant  ope rat ions,  ....he n on occasion t he  act ual  ope rat ion. m ay have  vari e d.


Unfort unat e l y, t he se ache dul e s we re  ~ h e  onl y l IOurce avai l abl e tode t e rm ine hourl y po" " e rpl ant 


diacharge s.


To de t e rm ine  how much t he  curt ains change d t he  t he rm al  st ruct ure  of Whiske yt own


Re se .. . " Oir, an anal ysi s W811 pe rform e d comparing pre - and post .-<:url .ain t e m pe rat ure  prof i l e a


col l e ct e d a t  !Ie \ "1 !ra l US  EPA (Environm e nt al  Prot e ct ion Age ncy) S TORET sampl ing I l itol l . 


S TOREr is a nat ionwide . t . Ol 'l l ge and . . . u-ie val dat a b u e COI I t aining wat e r qual i t y da t a .  Two I


ai t e t  e re 5 e l e ct e d for t his anal ysis: S H22, which iii I oe at e d in the main body ofWhiske yt o. " U


Rl 'M ·o.ir 2 m i l e s upst re am from Whiske yt own Dam; and S H28, .... hich is l ocat e d ne ar t he 


S pnng Cre e k Tunne l i n t ake I l t rue t ure . A comparil l On of Jul y 22,  1 994, t e m pe rat ure  prof i l e .


col l e ct e d ne ar t he  S pring Cn>M t unne l  int ake  W811 m ade t o pre -curt ain prof i l e s col l e ct e d in


Jul y 24, 1 992 (fig. 1 88). The comparison indicat e d t ha t  t he S pring Cre e k curt ain cre al e d a


wanne r e pi l im nion, a I l t ronge r t he mwcl ine , and II t h i c ~ r  and ne arl y isot he rm al  hypol imnion.


Like wise . prof i l e s col l e ct e d a t I l l at ion S H22 ahowe d t hat bot h t e rnpe l l l t ure curt ains combine d


tocre at e a wurn e r e pi l im nion, a st ronge r t he rmocl ine , and a oool e r hypol im nion.




(A) Spring Creek Powerp lant Operations, 1994
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Figure 17. - (a) Whiskeytown Reservoir operations and temperature profiles collected (b) upstream and (c) downstream


from the Spring Creek Tunnel intake curtain from July 24 through August 23, 1994. Comparison of upstream and


downstream temperature profiles shows how the curtain modified the reservoir stratification. Note: Black dots indicate


thermistor locations.
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(A) Profiles at Sprlng Creek 
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Figure 18. - (a)A ~ r i s o n  01p.... and post-<:urtaln l0 "ll",ature profiles e<>IIecledneat !he Sprfng Creel<Tunn'" intakll,


and (b) a comparison of p,o- and ~ I - < : u n a l n tempe,alu,e p'of,lf)$CQllecled In t he mkldla oj WhlskGylown AeS<lr\tPi'.


I


I


Minor di f f e re nce s in t he se  prof i l e s m ay be at t ri but e d t o vari a t ions in m e t e orol ogy l ind


powe rpl nnt  ope rnt ions,  bul  t his signi f i e snl  modif icat ion to t he  re se rvoir st rat i f icat ion was


t ypical  for se ve ral  ol he r pre - and post -curt ain t e m pe rat ure  prof i l e comparisons. The  re sson


for t he  warm e r e pi l im nion and cool e r hypol imnion is t hat  t he Carr t ai l race curt ain l im i t s t he 


suppl y of e pi l im ne t ic wat e r t o t he  pl unge ZODC, whichcont rol s t he  warm ing associat e d wi t h


m ixing and re sul t s in cool e r wat e r e nt e ring t he  hypol imnion. Like wise ,  t he  Carr t ai l race 


curt ain ge ne rat e s t he warm e r e pi l im nie n. The S pring Cre e k curt ain al l ows onl y hypol imne t ic


wat e r t o re pl ace  wi t hdrawal s int ot he S pring Cre e k Tunne l  int ake ,  t he re by cre at ing a ne arl y


isot he rm al hypol imnion. Anot he r t e mpe rat ure dif f e re nce Ot t urs be l ow e l e vat ion 1 075 in f igure 


1 8b,  whe re  t he  post -curt ain t e mpe rat ure Jl  are  warm e r t han t he  pre -curl ain t e m pe rat ure s.


This dif f e re nce  occurre d be cause ,  for pre -curt ain condit ion.s,  t he  S pring Crock int ake 


wi t hdrawal  e l e vat ion was fixe d a t  e l e vat ion 1 075 ,  which is t he  inve rt  e l e vat ion of t he 


e xcavat e d approach channe l  (JlCC fig. 7). Howe ve r,  wi t h t he  curt ain,  t he  wi t hdrawal  zone 


e xt e nds t o t he  re se rvoir bot t om be l ow t he curt ain's pe rim e t e r, which is e l e vat ion 1 030. S ot he 


S pring Cre e k curt ain not onl y l im i t s e pi l im ne t ic Wit hdrawal s,  i t  al socre at e s acce ss t ocol d


wat e r st ore d be t we e n e l e vat ion 1 030 and 1 075 , whichamount s to 1 5 , 000 acre -f l  The warm e r


wat e r re sul t s f rom re moval of col d wat e r and re pl nce m e nt wi t hwarm e r inf l ows.


I
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ADCP (ACOUSTIC DOPPLER CURRENT PROFILER) MEASUREMENTS


I


Acoust ic Doppl e r curre n t  prof i l e l l l  are  st at e -of -t he -art  inst rum e nl S  which m e asure  c U r n ! n ~ 


ve l oci t y prof i l e s in oce ans,  rive l l l ,  and l ake s. Acoust ic Doppl e r CUITl 'nt  prof i l e rl l  use  t he  I


Doppl e r e f f e ct  t o de t e rm ine  curre nt  ve l oci t y by m e asuring ve l oci t y of sound re ne c:tor.o


(s e d im e n t or pl ankt on) m ov i n , w i t h t he curre n t .  AooWl t ic: Doppl u CUlT'l " nt prof i l e . . . . U8e  t he 


Doppl e r e f f e ct by t ransm i t t i ng l IOWld a t  a f ind l 'nque ncy and re czi \i l l l echoes re tUl l l ini from


sound 1K:8t t e n:" rl I in t he  wat e r m l um n. The e choe s are  re f e rre d t o . . baclt&tattered si rnal $.


'Ibe f re que ncy. bi f t . in the bKkl e aUo.':rOO signal is proport ional t o t b e  re l a t iw , , , l oci t y be t , , · e e t !


!.he  ADCP and _ l t e r e r .  An AOCPcan onl y m e asure  t he , , , l oci t y compone nt in t he dl re ct , on


of a l ine  be t we e n t he JS Cal t e re r l ind t he  I lCOUl l tiC t ransduoe r. M a " , su i t , ADe Ps use  m ul t ipl e 


be amB point e d in di f f e re nt dire ct ions to m e al l urc twoor t hre e ort hogonal ve l oci t y compone nt s.


B e am s are  p o I I i t i o n ~ 90 de gre e . apar t  horizont al l y and I I I an angl e  of 20 or 30 dCgre i!8 from


ve rt i ca l  (fig, (9).


Acoust i c Doppl e r a l rn " n t  prof i l e n we re use d t odocum e nt  t b e hydraul ic charad. crist ic:s ofnow


unde r t wo l .Cmpe rat ure  ooot rol  curt ai l l l l . Two bot t om mount e d ADe Ps we re  use d for t hi s


e val uat ion. The ADCPs we re I iuppl iod by t he US GS (U. S . Ge ol ogical S urve y) Wat e r ~ u r o o s 


Divisiooin S acram e ot o, Cal i fornia, and we re de pl oye d for I i pe riod of 5 6 days f rom Ju l y 27 t o


S e pt e m b e r 21 , 1 994.


ADCP Me l i l l ure m e n t Te chcique l i


I


I


I


Fogut a 1 9 . ·  BolIom-mount ~ _ I " " "  . . . . . . . it _ a ~
 n.. KOUS l IC l)opplIo-

curre nl p rol. . . . ill '"~  toIIIe rM e M l i ' bolIom l l I I d ttw acoust ic be am s . . . l l fOl acl l l d al ·  X I '


sngl e 1 . -  (BUtllU a l a i .·  1 992), 


J8


D


I




I


I


I


I


I


I


I


I


I


I


I


I


I


I


I


AOCPs bre ak ~ t i e . btaJIUl i nt ouni fonn vol urne l l cal l e d de pt hce l l a or hi , . . . Each de pt h ce l l 


is comparabl e  t o ·  singl e  CUlT'e nt m e t e r m e . . u ~ m f ' n t .  and the ADCP ve l oci t y prof i l e  is


e quival e nt  t o .  s t ri ng of e ve nl y space d cu. rre nt  m e t e rs. 1 he onl y di f f e nmoe  . .  t hat . ADCPs


m e asure ave rage . -e l ocit y O\'e r t he de pt h range of t ach" " 11 , whe r e u c:urnn l m e t e rs m ak e . 


point m e 3 S u r e m e D t .  Profile. a n ! ! I t " ne rat e d by range ga t i ng t he acoust ic pul se . 1'hi!l t e e :hnique 


b r e a b t he s. ignal  int ol I uce e ssive se gm e nt . and p_ _ e ach!l e gm e nt i n d e ~ n d e n t l y f rom


t he ot he l 'l l . EchClell from deep de pt hs. t ake l onge r t oarrive t han doe choe s from shal l ow de pt hs.


Thus, l IU<Xl l .'S 'l ive range , at e l l c:orre spond t o e choe s from incre asingl y disl . 8nt d e pt h " " l I s_  One 


probl e m wi t h t hi a m e t hod is t ha t t he be am s m ake t he i r m e asure m e nt s l i t di f f e re nt l ocat ions.


The re fore ,  t he  e urre nUl  in a horiwnt al  l aye r m ust  be homoge ne ous, which, for l ake s and


oce ans, i s a re al l onabl e auum pt ion.


El 'Tors associat . e d wi t h ADCP m e asure m e nt s can be  at t ri but e d \ .(l random and bias


componcnbl . Random e rron art ! a funcl ion of t ransduce r fre que ncy, de pt h ce l l  size ,  t he 


num be r of signala or pings ave rage d t oge t he r,  and be am ge om e t ry. B ias e rron'l are  a funct ion


of t e m pe ra t ure ,  m e an cUlTCnt spe e d,  and be am ge om e t ry e rrors. At  t hi s t im e ,  bias e rroTl i


cannot  be comput e d,  but  t he y are  e st im at e d by t he  m anuf act ure r t o be  about  0. 002 t o


0.004 f t Jae c:. Random l 'rTOr for a singl e  ping ill t ypical l y around 0.43 fVae c. Howe ve r.


ave raging ofae ve Tal hundre d pi np is uae d t o re duce  t he  random e rror t oan acce pt ab l e l e ve l 


of about 0. 006 ft lMlC.. Ave raging can re duce the re l at ive l y l a r p nndom e rror p. . - n t i n singl e 


ping dat a ,  but . n e r a Cll'Itain am ount  of . . . . e raging, t he  random e rror be com e s less t han t he 


bias e rror. A t t hi s point , f urt he r a\'e rag;Df wil l  DOl. re duoe t he ove ral l m e AS ure m e nt e rror.


Anot he r ADCP l im it at . l Ot l ill t he e f f e ct ohurf a e e re f l e ct ions on t he Pl(:: Baing of backscat t e re d


acoust i c si gnah. M a re sul t ,  t he  ADCP cannot  m e asure  wa t e r \oe l ocit ie s ne ar t he  wat e r


aurf ace . Wat e r ve l oci t i e s ne ar t he  surf aoe  cannot be m e asure d be e ause  of side -l obe 


int e rf e re nce . S ide 10beaare ae o:ondary acoust ic mgnal a whicb are e m i t t e d from t he t ransduce r.


S ide -l obe int e rf e re nce cauae s a ooTTUption of dat a from t he l ast  10 t o 1 5 pe re e n t of t he prof i l ing


range . Wat e r ve l oci t i e s ne ar t he  bot t om cannot be m e asure d for t wo re aBons: I ) t he  ADCP


is usual l y se cure d in II mount ahave  t he re se rvoir bot t om , and 2)ve l odt i e a cannot be  m e asure d


ne ar t he  t ranBduC<!r face  be cause a de l ay is ncce ssary be t we e n t he  l l l !nd and re ce ive  mool l s of


t he  t ransduce r ope rat ion. The  bl anking dist l l ne e  ia usual l y e qual  to I t aingl e de pt h ~ I I  size .


ADCP DEPLOYMENT IN LEWISTON AND WHISKEYTOWN RESERVOIRS


The  ADCP syst e m s uae d for t hi s st udy we re  se l f -cont aine d,  narrow band, 1 200-ki l ohe rt z


ADe Ps bui l t by RD w t n l l n e n l s .  'The !l e ADe Ps h.sda m axim um range of 1 00 It. One ADCP


was de pl oye d on t he  bot t om ofLe wiat on Re se rvoir about  1 00 ft. upst re am from t he  re se rvoi r


curtain. The pllTpO&e of the se ...e l oci t y m e uure m e nLl l  Wll8 t odocum e nt se l e ct ive wi t hdrawal 


charact e ri5 t ic:s of t he  t e m pe rat ure cont rol curt ai n and t he curt ai n's e ff e cth'l !I l l !!l l l a t re t a i ni ng


warm aurf ace  wat e r a t  a funct ion of unde MUrt ain now \ - elocitiell and . t rat i f i e at ion. . 'nH!


aeeondADe Pwa t de pl oye d on t he bot t om ofWbiake yt own Rl !'l e , ooir about 1 00 f t . dawnst re am


from t he Carr P a w ~ l a n t t ai l raoe curt a i n . TI l e  purpose of t he se \'e l oe i t y m e UUTe m e nt l l  w i d 


t odocum e nt  the de nsi t y curre nt h}1 :l raul ie l l and m ixing charae t e ri st i e l l  ne ar t he  t e m pe ra t ure 


cont rol curt ai n.


The  ADe Ps we re de ploye d. for 56 days,  from Jul y 27 toS e pt e m be r 21 ,  1 994. Ve l oci t y prof i l e a


we re col l e ct e d e ve ry hour,  and 6, 000 individual  prof i l e s. cal l e d pings,  we re ave rage d to produce 
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ADCP
DATA
ANALYSES


The Carr
t ai l race 
curt ai n
da t a
(fig.
21 )
i l l ust rat e 
how
ve l oci t y
prof i l e s
downst re am
from
t he 


curt ain
change 
wi t h
dium al 
f l uct uat ions
in
Carr
Powe rpl ant 
re l e ase 
t e m pe rat ure s
(days
225 


t hrough
228)
and
wi t h
part i a l 
pe aking
powe r
ope rat ions
(days
229
Lhrough
236).
 S e ve ral 


nbse rvat ions
we re 
m ade 
by
anal yzing
ADCP
dat a, 
which
are 
summ arize d
as
fol lows:


a singl e hourl y ve l ocit y profil e . Agroupof6,OOO pings is cal l e d an e nse m bl e of dat a. A t ypical 


e nse m bl e consist s ofv" , l " " i t i " , s m " , asur" , d ove r a 1 · m (3. 28· f t ) de pt hce l l  (bin) for a t ot al of 1 5 


to 25 bins de p" , , , ding on wat e r de pt h. Wat e r t e m pe rat ure  da t a m e asure d a t  t he  acoust ic


t ransduce r we re  al so col l e ct e d a t  hourl y int e rval s and we re  use f ul  in t racking change s in


unde rf l ow t e m pe rat ure s. Acoust ic Doppl e r curre nt prof i l e r dat a We re  st ore d in an int e rnal 


st orage de vice and we re re t ri e ve d af t e r t he  ADCPs we re re move d from t he  re se rvoirs. AV e r


dat a we re  proce sse d by US GS  pe rsonne l  and we re de l ive re d toRe cl am at ion in a da t a re port .


A de t ai l e d de script ion of t he ADCP dat a pl " OCl !ssing was summariz" , d in a re port by B urau e t 


al . (1 992).


I


I


I


8


I


I n
t he 
e arl y
morning
hours
of
days
225 , 
226, 
and
227, 
t he 
unde rf l ow
de t ache d
from
t he 


re s£!rvoir
bot t om
and
be cam e 
an
int e rl 1 ow.
The se 
flow
change s
are 
at t ri but ab l e 
to
diurnal 


f l uct uat ions
in
inl 1 0w
t e mporat ure s
(se c
fig.
1 4h).
 For
t his
discharge , 
t he 
warm e st 
wat e r


dive rt e d
from
Le wist on
Re se rvoir
arrive d
a t 
t he 
Carr
t ai l race 
curt ain
around
m idnight 
t he 


fol l owing
day
and
e nt e re d
t he 
re se rvoir
3 S 
an
int e rl 1 ow.
 Conve rse l y, 
t he 
col de st 
wat e r


arrive d
around
noon
and
e nt e re d
t he 
hypol imnion
as
a
unde rf l ow
or
de nsi t y
curre nt .


The 
ve rt i cal 
e x t e nt 
of
t he 
curt ain
unde rl l ow
se l dom
e xce e de d
t he 
bot t om of
t b e 
curt ai n


(El 
.
1 1 70), 
which
i...
e vide nc£!
t ha t 
l i t t l e 
m ixing
of
t he 
unde rl 1 0w
wi t h
e pi l im ne t ic
wat e r


occurre d
downst re am
from
t he 
curt ain.


Figure s 20 and 21 show t he  powe rpl ant ope rat ions and
ADCP
dat a
col l e ct e d
in
Le wist on
and


Whiske yt own Re se rvoirs,  re spe ct ive l y,  from August  13 t hrough August 24,  1 994. This pe nod


was choBe n for anal ysis be cause  i t  had two t ype s of powe rpl ant ope rat ions,  base  l oad and


part i a l  pe aking,  and t he  ave rage  dai l y flows Ove r t his l l -day pe riod we rt ! t he  sam e . The 


Le wist on Re se rvoir curt ain da t a I l l ust rat e  how ve l ocit y prol i l e s upst re am from t he  curt ain


change wi t hdiurnal l 1 uct uat ions in t he approach 110w t e m pe rat ure s (days 225 t hrough 228)


and wi t h part i a l  pe aking powe rpl ant  ope rat ions (days 229 t hrough 236). The  ADCP dat a


showe d t he  uppe r l im i t of t he  wi t hdrawal  wne  f l uct uat e d be t we e n e l e vat ion 1 880 and 1 890


(fig. 20b), whichis 1 5 t o 25 n above  t he bot t om of t he curt ain. During base l oad powe rpl ant 


ope rat ions,  t he  ve l oci t y da t a showe d diurnal  f l uct uat ions in t he  uppe r l im i t  of wi t hdrawaL


The wi t hdrawal  zone cont ract «! during t he  m iddl e of t he day as t he st rat i f icat ion int e nsif i< 'd, 


and i t e xpande d as t he st rat i f i cat ion broke down in t he e arl y morning (t e m pe rat ure  prof i l e s


are shown in fig. 1 2h). During part inl  pe aking ope rat ions,  t he  wi t hdrawal zane  l 1 uduat ions


are ampl i f i e d whe n flow change a are coincide nt wi t ht he diurnal  t e m pe rat ure change s.


·


· 

I


I
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(A)Trinit y and Judge Francis CarrPowerplant Operations, 1994
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(8) ADCP Data Collected Upstream from the Lewiston Reservoir Curtain
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Figure 20. - (a) Lewiston ReseNoir operations, and (b) ADCP isovel data collected upstream from the Lewiston ReseNoir


curtain. Note: the black dots represent the ADCP depth cell locations.
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40 0 0 

(A) Judge Francis Carr and Spring Creek Powerplant Operations, 1994
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(8) ADCP Data Collected Downstream from the CarrTailrace Curtain
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Figure 21 . ·  (a) Whiskeytown Reservoir operations and (b) ADCP isovei data collected downstream from the Carr


Powerplant tailrace curtain. Note: the black dots represent the ADCP depth cell locations.
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Figure  23a shows WhiJI ke yt own Re se n. " Oir ope rat iol l l l ,  23b is a pl ot of ADCP t ransduc e r


l . cm pl l rat ure s. and 23c shows ADCP ye l oci t i e a a t  e l e v a t i o ~  1 1 30 and 1 1 63. For hM e  l oad


ope rat ions, ve l oci t i e s al ong t he  re se n. ·oir bot t om , e l e vat ion 1 1 30, vari e d f rom 0. 05 t o" , 'e r 0. 5 


fVse c and we re  i nve n e l y re l s t e d to f l uct uat ions in unde rf l ow wat e r t e m pe ra t ure . LikcwiJl e , 


lUI unde rf l ow wat e r t e m pe rat ure s incre ase d from SO.5 to 5 2 OF, t b e  ve l oci t y a t e l e vat ion 1 1 63


The appare nt hJ.ghve l ocit i e s m e asl l l " e d ne ar t he wat e r l unacc we re corrupt be cause of aide 


l obe  int e rf e re nce and we re  not good ve l oci t y m e asure m e nt s.


During part i a l  pe aking ope rat ions (dayt  229 tfl 236),  t he  unde rf l ow I I . p ~  t o be


unaf f e ct e d by the e urt ai n whe n f l aw, we re re duce d t o 1 , 800 I t 'll«. Durin&'t hi s pe riod, t he 


ve rt i ca l e x t e n t of t he  unde rf l ow appe are d t o be 20 t o 25 fl below t he e ur t a i n bot t om . In


addi t ion, around m idnight ,  whe n po" " e r r e l _  w.. . . . . re duce d,  t he  unde rf l ow = o t 


. . l owe d conside rab l y { about 0. 1  t o 0.2 ft l l I e Cl ., t he n s1000l ly re a)Ve re <! t o about  0. 4 fVl lCC.


The se  nOl '"  condi t ions we re  conf I rm e d by f i e l d obse rvat ions t hu t he curt a i n was he avi l y


l oade d during m idday (high f l l fWS ) and was al ack duri ng t he e ar l y m orning (l ow f l ows).


· 

For part i a l  pe aking ope rat ions,  ve l ocit ie l l a t bot he l e vat ioI l !l  woul d ine re l l l l e and dCl ':re 85 e wi t h


nuct ua t ions in flow rat e ,  bu t  bot t om ve l oci t i e s we re  more  se nsi t i ve  t o now rat e . Fl ow ra t e 


f l uct uat ions hinde re d de t e rm inat ion of t he  inf l ue nce  of t e m pe ra t ure  vari at ions 00 t he 


unde rf l ow ve l oci t i e s. Howe ve r,  a pronouoCl .!d wl l rm ing t re nd occurre d from days 229 t hrough


231 , af t e r which an e qui l i brium was re ache d. The ave rage t e m pe ra t ure  gain a t t ri bu t e d t o an


e xpande d wi t hdrawal  zone  was 0. 4 OF. hut  II port ion of t hi s gain m ay have  be e n a re su l t  of


wann e r a i r t e m pcra t ure a or wind m ixing.


Duri ng a pe riod of ful l  pe aking op@rat ;ons,  days 244 t o 260 (not sbown on f igure  22),  t he 


unde rf l ow t e m pe ra t ure a incre ase d t o 5 2 OF. The  l arge  t e m pot rabue  gain re sul t e d f rom a


pe riod of no dive rsions,  whic:h al l owe d a l arge  vol um e  of warm wa t e r t o I I (:C\Imu14l t e  in t he 


re se rvoir. Whe n dive rsiol u we re l 'e 5 um e d,  l b e unde rf1 <lw t e m pe rat ure s incre ase d as t he warm 


wa t e r w 8!I f l Ul l be d from Le wist on Re se rvoir. Af t e r 5 e 'o'cral  days of am ai s t e n t  pe aking


ope rat ions,  unde rf l ow t e m pe ra t ure s de cre ase d t oabout 49_ 5 · F by day 25 9.


· 

Figure s 22 and 23 show in more de t ai l  t he e f f e ct s of unde rf l ow t e m pe ra t ure s on t he ve l oci t i e s


me l l Jl , ure d ne ar t he  re se rvoi r bot t om and oe ar t he e urt l l ;n bot t om for t he  Le wist on Re se rvoir


nod Carr Powe rpl ant  t ai l race  curt ai ns,  re spe ct ive l y. Figure  22 . ahows Le wist on Re se rvGir


ope rat ioI Ul ,  f igure  22hshow. ADCP t ranl l duce r t e m pe ra t ure s ,  and f igure  22c shows ADCP


ve l oci t i e s m e l l !l ure d a t e l e v " t i o ~  1 85 0 and 1 882. The se  pl ot s show how flow ra t e  and wat e r


t e m pe ra t ure  af f e ct  curt a i n unde rf l ow hyc!raul iQ. For bas e  l oad ope ra t ion. ,  ve l oci t i e l l a t  t he 


re se rvoi r bot tom . , e l e vat ion 1 85 0, ....e re  re l at ive l y uni form a t 0. 25 f t l se c and we re onl y sl i ght l y


af f e ct e d by wat e r t e m pe ra t ure  change s. ADCP t ransdue e r t e m pe ra t ure s we " "  use d as an


indi cat ion of unde rf l ow wat e r t e m pe ra t ure s ,  and t he y f l uct uat e d be t we e n . 7 . 5 and 48. 2 · F , 


Ve l oci t i e s m e u l l l 'e d 1 7 f\ above  t he curtain bot t om , a t  e l e vat ion 1 882, we . . . ,  DHl l I t l y uni form


a t  0. 1 0 f t l se c b u t  we re  not ab l y af f e ct e d by wat e r t e m pe ra t ure  change s. For e xam pl e ,  Il.8


inf l owing .... a t e r t e m pe ra t ure  incre ase d from . 7 . 5 t o 48. 2 OF, " e 1 oci t y incre ase d f rom 0. 1 0 t o


0, 1 6 f t l se c- The wi t hdrawal UlnII! e xpande d be o:l l use the inf l ow i I e 'W wanne r Il.8 i t approoocbe d


t he c:urt ain Ill'i a re aul t of m m ng wi t h the e pi l im nion, Ju the de nsi t y di f f e re nce b e t w" " n infl l 1W


and wa t e r n e a r t he  t he rm ocl ine  'I I 'as re duc:e d,  wi t hdrawal  f rom highe r in t he  wat e r rol um n


incre ase d.
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Figure 23. _(8) Whiskeylown Res.ervoir o>p<>rat,ons, (b) ADCP ltansOOcer lemp ""'lu,es, and Ie) ADCP " , , 1 o< , t I . "  al


e l " v a ~ o n .  1 1 30 and 1 1 63.
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i ncre ase d from 0.05  t o 0.3 ftJl I e C. Ve l oe i t i e s m e /l l l ure d ne ar t he  curt ai n bot t om e EL 1 1 63)


vari e d di re ct l y . . 'i t b e h.a.nge  in I l nde rf l ow t e m pe ra t ure . As prnvioUl l l y de scribe d,  t he  Wanne r


unde rf l ow w i l l i force d unde r t he curt ain and W ll5 more buoyant Oe g de nse ) t han t he am bi e nt 


bypol im nion, and i t  was buoye d upward and woul d de t ach from t he  re se rvoir bot t om . As


col de r . . . a t e r inf l ows arrive d a t  t b e  curt ain,  t he  unde rf l ow woul d re m ain at t ache d t o l he 


re se o" Oir bonom , and ve l oci t y a t e l e vat ion 1 1 30 i ncre ase d. Duringpart i a l pe a!ri1 1 l operatiorul,


t he  im pac t  of t e m pe ra t ure  f 1 u c t u a t i ~  on . . . . 1 oci t i e a m e asure d a t  e Je vat ion 1 1 63 wi l l i


ove rwhe l m e d by l l ue t uat iol 1 S in f l ow rat e . I nt e re st ingl y, a, -e rage unde rf l ow t e mpe ral un!$ did


not  i n e ~  signi f i cant l y wi t h part i a l  peaking ope rat ions; t he  a\" e r&ge  ine re ase  W a l l  onl y


0.1  F. Thi . sm al l change  W i l l i  unupe d . cd becaU5e t he  n e rag l ! t e m pe rat ure did not  re f l e ct 


t he 0. 4 OFU':mpe nl t ure gain m e asure d in Le wist on Re se rvoir. A possibl e e xpl ana t ion i . t ha t 


part i a l  pe aking ope rat ions change t he de gre e of m i I i ng whichClttUJTed in t he  pl unge zone .


Duri ng a pe riod of ful l  pe aki ng ope rat iona,  days 244 t o 260 (not  l l hown on f igure  23),  t he 


unde rf l ow t e m pe rat ure s i ncre ucd from 51 to54 OF. The l arge t e m pe rat ure gain was cause d


by a pe riod of 6 days with nodi" e rsion5 ,  whichal l owe d t he st . rat if iCl l t ion t o e qui l ibra\. e across


t he Carr Ul il raoe curt ain. In fact ,  m anual t e m pe rat ure  prof i l e s col l e ct e d on both side a of t he 


curt ain showe d more warm wat e r upst re am from t he curt ain t han downst re am . This unusual 


condi t ion w u at t ribut e d. t o warm wat e r which n(lWe d upst re am t brougb t he  boat pasaage , 


whichskimm e d t he t op6 f e e t of t b e e pi l imnion. During t his pe riod, t he curt ain Wllll obse rve d


to bil l ow downst re am . Whe n dai l y dive rsions we re  re aum e d on day 25 7, unde rf l ow


t e m pe rat ure s incre l l S e d aB warm wat e r was e nt raine d in t he  m ixing zone ,  whe re t ho inf l ow


pl unge s be ne at ht he e pi l im nion. ADCP dat a sbowe d t ha t during t his pe riod, t he  unde rf l ow


e nt e re d t he  hypol imnion IIlI an int e rf l ow. Af t e r se ve ral days of (xl l 1 sist e nt pe aking ope rat ions, 


unde rf l ow t e m pe rat ure s be gan to f l uct uat e  hct we e n 52 and 54 OF.


CURTAIN DESIGN EQUATIONS


As pre viousl y d ~ b e d ,  t he curt ain . i t e se 1 e dion was base d 0 0  a simpl e e ne rgy bal ance give n


I n  e quat ion 1 . The e ne rgy ba l anc e appl 'Ol l chW&l I  se l e c t e d fur c:urt ain de .sign be cause i t was


e &l l il y appl i e d t o t he l im i t e d fie l d da t a avai l abl e a t t he  t im e of de sign. The d _ i gn unde rf l ow


\'e l oci t l e s for t he  r-" 'i s t on Re se rvoir and Carr Tai l race curt .a. in.!I  we re 0. 25  and 0, 36 1 l I se c.


rf t pe t t l ve l y. Acoust ic Doppl e r curre nt prof t l e r da t a l X I nfirme d t ha t tM m axim um unde rf l ow


\'e l oci t i e s " , 'e re  ve ry sim i l ar to t he  de sign val ue s,  The  unde rf l ow ve l oci t i e s did " n e e d t he 


de aign val ue s for pe riod!! ofhigh f lowl l coupl e d wi t ha suong re l l e rvoir l I Lrat i f icat ion.


The  compl e t e s e t of moni t oring da t a (f l ows, t e m pe rat ure  and ve l oci t y prof i l e s) a t  Le wist on


Re e crvoi r Wi l l i U5t 'd t o de ve l op . n  improve d d - n pt i on of t e m pe rat ure  cont rol  curt ai n


h)1 l rl l ul ica. Using e quat ion 1  and t he  moni t oring dat a,  t he  pot e Dt ial  e ne rgy re qui re d t o


displ ace  e pi l im ne t ic wat e r W a l l  on l l \'e rl l ge  four t im " "  gre a t e r t han t he  kine t i c rnrrgy


associat e d wi t hcurt ain unde rf l ows for a wide rang e of f l _ ' rat e s and Jl O" 'e rpl ant ope rat ions_ 


This an.rU)'5 ia ahawe d t ha t e quat ion 1 was ve ry I l rrl S Lt ive t ounst e ady flow condi t ions (pe aking


Jl O" · e rope rat ions) and diurnai l l uct uat iona in re se rvoir st rat if i<:at ion. Equat ion 2 i t I I modif ie d


form of e quat ion 1 which b e s t  de scribe s t he  LP'i s t on Re se rvoir curt ai n ai t e .


n


I


I


B


v'


· ~  C Y 6p


"  p.
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whe re :


V. · 

V 

· 

dp 

0 

Po 

· 

Po 

· 

C 

0 

m e an flow \oe locit y unde r t he  barri e r, ft l l I e C


" e rt ical . dist&lKle from the bot t om of t he b am e r t o the bot t om of t he e pi l im nion, fl


P. - P...al upl f t '


m e an de l Uit y be t we e n t he bol t om of t he e pi l im nion and t he  bot t om of t oocur t a i n , 


sl ugst t t *


re pre ae nt at i " e e pi l im nion de lUf, ity, I l u g s l n ~ 


A coe f f ici e nt  which bal ance a t he  kine t ic: and JX I t e nt ial  e ne rgy for t he  Le wist on


Re se rvoir curt ain l i t e . The ave rage <:l>I !fficie nt WaJI found tobe e qusl t o0.23 wi t h


a st andard de viat ion of ±0.1 2.


K · gravi t at ional  const ant ,  I Vscc'


I


OPERA110N AND MAINTENANCE


Ope rat ion and m aint e nance  cost s for t he  f OUf curt ains ove r t he y e l ra of 1 993 t o 1 995 have 


be e n nbout $1 60, 000. Thil l OO6t incl ude s inst al l ing and bre aching t he Carr t ai l race curt ain in


Asim i l ar anal y!l d ....as at t e m pt e d t ode scribe t he  unde rf l ow hydral , l l ial  for t he Carr Tai l race 


curt ain. Howe ve r, l he highl y unst e ady unde rf l ows we re dif f icul t t ode f ine  be cause  curt ain


\Ulde rflO1 l " s , -ari e d f rom a de nsi t y C\l JRnt t oan int e rl 1 0w be cause of diurnal  f l ue t uat i01 1 l l  in


unde rf l ow t e rnpe rawre & (de nsi t i e s). I . . ike wise ,  cycl ical  lo11ding on 1M curt ain hinde re d


de rm i t ion of I he curt ai n bot t om e l " " at ion.


I


I


(3)


an e mpirical coe f f icie nt 


m e an flow ve l ocit y unde r t he cunain,  fVae c


ve rt ical  dist ance from curt ain bot t om to uppe r l im i t ort he wi t hdrawal  zone , ft


P , ' P ., de nsi t y dif f e re nce of t he  wil t e r be t we e n t he curt ain bot t om and t he  uppe r


l im i t of t he  wit hdrl l wl l l zone , sl ugs/f l '


de nsi t y of wat e r a t t he curt ain bot t om , sl ugl l f t t 3


de nsi t y (Jfwat e r a t t he  uppe r l im i t of t he  wi t hdrawal  zone . I l ugsl t t 3


de pt hfrom re se rvoir be d t ocurt ain bot t om , ft


gravi t at ional const ant , f t l se c" 


An improve d de l l Cript ion of curt ain hydraul ics WM found by modifying l in e quat ion de scribing


se l e ct ive wi t hdrawal  hydraul ics for a skimm ing we ir (BohRl l and Grace ,  1 973). Equat ion 3 is


a modif ie d fonn of t he  Boban and Grace  we i r e quat ion which de scribe s t he  hydraul ic


charl l ct e rist ial for flow unde r acunai n . The coe f f ici e nt in t he Bohan l lDd Grace we i r e quat ion 

W Q  0.32, and t he ave rage coe f f icie nt for t he Le wiaton Re se rvoir curt ain W i l l i found t obe e qual 


t o0.32 wi t ha st andard de viat ion of :toO.09. The e mpirical coe f f icie nt , C, W a l l  de t e rm ine d for


a wide rangeofDow ra t e . (1 , 800 t o4, 000 tt3/l1eC)and l X " 'oe rpl ant ope rat ions (b a s e l oad , part i a l ,  

and ful l  pe aking) and for t he  mont hs of Augul t and S e pt e m be r 1 994


Y'II , ~ ' 


V r C _ - r Y

, " p, ,


whe re :


C 

0


V,


· 

Y 

0


dp,


· 

p,


· 

P.

0


H,


0


,

0
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I 

I 

I


I


11 

I


t he  spring
l ind fal l , 
m aint l l i ning
saf e t y
l ight ing
a t  t he 
boat 
passage , 
and
conduct ing
t he 


t e m pe rat ure 
monit oring.
All of 1995.
t he 
Le wiston
curt ains
hnvl l 
re quire d
no
m aint e nance 
or


re pai rs.

A f e w . n ru d u n l  (DmponenlJl be ve  f ai l e d be cause  of ~  ~  e  l oads from t e m pe rat ure 


di f f e re nt i a l s or " 'e a r and t e ar asaociat e d wi t h W 8 " e  act ion. S igni f i cant  f&il u. . .  a r e  l i st e d

be l ow;


·  A t op boom noot ing t ank l i t t he  Carr Powe rpl ant  t .nil rl l ce  curt a i n f ai l e d unde r e x t re m e

l oading
.
Tbe e nd-cap
we l d
f ai l e d l I S 
shown in
f ig.
24.
Al so, 
curt ain compone nt l l l ike chains


and
shackl e s
have 
de forlDCd
unde r
e x t re m e 
l oads
(f ig.
25 ).


·  A t op
boom
noat ing
t ank
a t  t he 
S pring
C r - k 
Tunne l 
i nU l n
curt a i n
fai l e d
f rom " , 'e ar


be c:auae 
t wo
adj ace nt 
t anks
we re 
rubbing
aga i ns t 
e ach
ot he r unde r
wave 
l oadmg.
Co6t of


t he se  1 995 re pai rs WlUI $1 5 , 000.

·  Curt a i n fabric t e ars have  occum . 'd on bot h t he  Carr t ai l race and S pring Cre e k curt a i ns


whe n l arge  change . . in l'@& l'.. . . .oir e l e vat ion ca.uM!d t he  curt a i n fabric t o dTq al ong t he 


ground.
 Te ars
we re 
lIe'\'enl
f e e t  l ong
and
occurre d
ne ar
the
bot t om of
t he 
cuna i n . 1 0


l e a l t q e 
e ffl l !CU
are 
m i n im a l 
 Fabri c
t e a l '
occurre d a t 
t he 
S pring
Cre e k
Tunne l 
i nt ake 


curt ai n whe re  t he t opof t he curt ain e nd Wl l l l  support e d by chains. Cuna i n l oads " Jupl cd


wi t h
wave 
act ion m use d
abrasion
whie h wore 
t hrough
t he 
Hypal on
fo.bric.
 Abrasion


dam age 
was
m inim ize d by
f I xing t he 
curt ai n t o t he 
chain
a t 
e l Me r
inl e rva1 5 . The 
cost 


a55OCiat .e d wi t h t hi s 1 995 re pai r was $30, 000.


·  Coa l i np on t he st e e l  com pone nu hl l '" e  f ai l e d in loc:at iol l S  whe re  bi rds roost and whe re 


ahrasion occu. . . . Re coat ing" '-;\1  l ike l y b e  ne ce ssary in 1 998 or 1 999 a t an e st im at e d OO&t


of $5 00, 000.


APPLI CATI ONS 


Curt a i n s t ruc t ure s have  m any pot e nt i al appl icat iorul in l ake s and re se .....oil '!l :


·  Curt am s
can
be use d
t o incre ase or de ae a . l l e m.i. I ing i n r e l I e . . . . .oirs t o Impl " O\'" . - o - o i r or


re l e a!l e 
wa t e r
qual i t y


Curt ai ns
can
provide !l e l e ct ive 
wi t hdrawal or t he  abi l i t y t o re l e ase  wat e r of a se l e ct . qual i t y


from a
!l t rat i f l cd
re se rvoir.


·  Curt a i ns can be  use d t o cre a t e  . . . . . a rm  .....a t e r f i she ry ins, de  a " Jl d wat e r f i she ry by


cont aining a warm wat e r inf l ow be hind a curt ain. Or vice ''e cru, a col d wat e r f i she ry can


b e  m aint ai ne d t hroughout t he  sum m e r mont hs i f a bot t om · se al e d curt ai n is use d t o


pre ve nt col d wat e r wi t hdrawal .


·  Curt a i ns have be e n propo&e d by t he  U.S . Arm y Corps ofEngine e ra t odi ve rt downst re am 


m igrat ing fish f rom e nt e ri ng hydro-powe r int . ake s t ruc t ure s . The C U r t a i l l S  woul d be  U$C(\


t o guide  f isb t o a ne w or e xist ing fI S h bypass f aci l i t y. They hn" c al l lO propol l l 'd using


c u r t ~ l l n a t o " Jnt rol re se .....oi r t e m pe ra t ure s n t a pump-st orage  proj e ct i n Ge orgia.
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Agurfl24 · Phal o!l raph01 a Jai l e d w e '; " "  ·  Carr 1Jl11rac<1cunaln t op boom r"'l!ng t ank.


FIgu. . 2 5 , ·  Phot ographo f . de l orm e d .had<Je . . a&d toconne ct the Carr t al l , . . . , . , cu" . . 1 n t o.  I nC)ra ancMr.


"  

I


I




·  Curt a i ns can be use d for se l e ct ive wi t hdrawal  whe n wat e r qual i t y param e t e rs o&he r t han


t e m pe ra t ure are  an issue . For e xampl e , curt aina can be  use d for surf ace wi t hdrawal s f rom


I I re se r....oi r with de pl e t e d dissol ve d oxyge n a t  t he  int ake e l e vat ion.


·  S ubm e rge d curt a i ns coul d b e  l l se d t o re di re ct  de nsi t y curre nt s l ade n wi t h se dim e nt  to I I


spe ci f ic l ocat ion in II re s e rvoi r-away f rom an int ake s t ruc t ure ,  for e xampl e .


· 

Various curt ain-l ike  st ruct ure s bave  be e n use d t o !>nclose  dre dging and uncl e rwawr


const ruct ion si t e s t o ke e p e nvi ronm e nt a l  im pact s toa m inim um .


I


n


I


I


I


I


I


I


Bot ht he pe rform ance of t he curt ain st ruc t ure and t he  curt ain's inf l ue nce on flow pat t e rnsl l ud


re se rvoir hydrodynam ics de pe nd on t he  curt ain de sign l ind t he  kine t ic and de nsi t y


chnrB ct e riat ica of t he  flow. This st udy showe d t ha t  curt ai n pe rform ance  and hydrodynam ic


re sponse s are  compl e x and not e asi l y charact . crizcd. The  obj e ct ive  of t hi "  re p<l rt  was t o


docum e nt spe cif ic obse rve d pe rform ance and, whe re  possibl e , ge ne ral ize f indings whichwoul d


guide  de ve l opm e nt  of f ut ure  curt ai n appl icat ions and de signs. For de signs t ha t  de vi at e 


signi f i cant l y f rom t hi s appl icat ion, use  of physical  mode l ing and/or prot ot ype  t e s t i ng is


st rongl y re comm e nde d to support  t he  curt ai n dMign proce ss and l e  achi e ve  t ho proj e d


obj e ct ive s, 
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