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~ ~ .Q! ~ REDESIGNED INTAKEl STRUCTURE 

EQg~,STATION 

I. INTRODUCTION 

Zion Station on Lake Michigan was designed and is being built by 

Sargent and Lundy of Chicago for the Commonwealth Edison Company. The 

intake roof structure as originally designed and construoted was damaged. 

As a result the Harza Engineering Company, also of Chioago, whioh aoted 

as oonsultant on the hydraulio design of the structure, oommissioned the St. 

Anthony Falls Hydraulio Laboratory to oonduot a model study of the redesigned 

roof .strtloture.. This report desori bes the study and its results. 

The general plan of the redesigned roof strtloture is shown on Sargent 

and Lundy. Drawings B-837 and B-839.· It was deoided that this model should 

. be oonstrtloted at the 1;24 soale used previously so that oertain portions of 

the model built for the earlier study oould be reused. The basin in which 

the tests were oonduoted is shown in Photo 1. 

The objectives of the study were 

1. To detenmine whioh of the roof strtloture sohemes proposed by 

Sargent and Lundy would be sui table. 

2. Havingseleoted an appropriate roof scheme, to measure the 

temperature distribution near the,intake strtloture and the 

per oent of heated disoharge recycled into the center intakes 

during winter operation. 

3. To locate a:nypoints of high velooity (> 4 fps) and obtain 
:.' ,1 

summer and winter velooity distributions near the strtloture. 

4. To measure differential pressures due to wave action on the 

thawing box oover plate. 

5. To measure differential pressures due to wave action on the 

appropriate roof strtlcture. 

The results of each of the five test programs will be disoussed separately 

in Section III. 
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II. MODEL INSTRUMENTATION 

The 1:24 soale model of the new roof struoture was oonstruoted based 

on Sargent and. Lundy Drawings ]-837 and ]-839. The general layout of the 

model is shown in Figs. la and Ib and Photos 1 through 8. The model 

inoorporated several major features whioh faoilitated the test program. 

These inoluded a wave generating system oapable of generating waves of from 

8 to 20 seo prototype period and from 'less than 8 ft to approximately 17 ft 

prototype wave height. However, the test program was oonfined to waves of 

8 to 13 seo period and 10 to 17 ft height. Waves of lesser period or 

greater height always broke prior to reaohing the struoture. Pressure trans

duoers were installed in the roof struoture so that the pressure aoting both 

on top of and underneath the roof could be reoomded. The differential pres

sure thus acting was deter.mi~ed electronioally and reoorded on a third chart. 

A fourth reoorder was used to record the wave height as measured by a resis

tance wave gage located at the lakeward edge of the roof structure. An 

example of the data ,thus reoorded is shown in Fig. 3. 

A system of intake and disoharge pipes equipped with orifioe meters 

(Photo 2) was inoorporated into the model so that both summer and winter 

flow conditions (including heated water, Photo 4) could be modeled. The 

instrumentation provided was a set of ther.mistors with relatively short 

(approximately 5 sec p~ototype) time response spaced vertically 1. 2 ft 

(prototype) apart. The ther.mistors were used to obtain both surface and 

bottom isother.mal patterns as well as vertical temperature profiles through 

the test basin. Tests were conducted at several lake levels and for lateral 

drift velocities up to 1.5 fps. The percentage of disoharged hot water 

reoyoled into the intake was also deter.mined. 

A small ott meter was used to measure velocities near the thawing 

box ports and around the edge of the roof structure. Data were obtained for 

both summer and winter flow oonditions. The smallest aotual velocity the 

ott meter used is capable of measuring is approximately 0.3 iPs. This means 

that the smallest prototype value measured was v24 x 0.3 or approximately 

1.5 fps. 

For a struoture in which a free water surface is exposed to atmospherio 

pressure, dynamio similarity is obtained when the model-prototype relation

ships are deter.mined by the Froude law of similarity. The following 
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relationships for velocity, discharge, and pressure in terms of the length 

scale ratio (Lr = 24) are obtained: 

Prototype Velocity = Model Velooity times Lr l / 2 

Prototype Time = Model Time times 

Prototype Flow = Model Flow times 

L 1/2 
r 

L 5/2 
r 

Prototype Pressure = MOdel Pressure times Lr 

For the test conducted to obtain the temperature profiles and surface 

and bottom temperature contours, the densimetric Froude number must 

be considered: 

FrD = 
V 

If the model and prototype Froude numbers are to be equal, in addition 

to 

Um 

~=. u-= 
.p 

then (~) = (~) 
Q m Q p 

must also be satisfied. These conditions were satisfied during the test 

program. 

By utilizing the above equations, the model discharge can be deter

mined and the pressures, velocities, and wave periods as measured in the 

model can be readily translated into prototype values. 
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III. RESULTS AND DISCUSSION 

The overall test program was divided into the following five sub

programs, each of whioh will be disoussed in detail in a separate seotion: 

A. Seleotion of appropriate roof struoture 

B. Temperature distributions 

C. Velooity distributions 

D. Pressures acting on thawing box 

E. Differential pressure acting on roof struoture 

All values given in these disoussions are prototype values. However, 

before a more detailed disoussion of the test results is undertaken, 

some general observations will be set forth. 

After the model tank had'been oonstructed and a model of one of the 

proposed roof struotures installed, tests were begun. First, the size 

of roof struoture needed to prevent undesirable vortex formation was 

seleoted. Then temperature distributions, velooity distributions, and 

pressures aoting on the thawing box were measured. Finally, differential 

pressures acting on the roof were measured. 'While lateral foroes were 

expeoted, significant uplift forces were not initially anticipated, and 

thus the attaobment system was first arranged to wi thS.tand lateral 

movement, but not ve;rtioal upward movement. However, as soon as the 

first waves reached the model it beoame obvious that substantial uplift 

foroe did exist. To count'eract the vertioal movement, whioh affects 

the pressure readings significantly, it was neoessary to weight the 

roof with four internal weights of approximately 20lbs each. The weights 

were constructed so as not to affect the flow or pressure readings and 

were effeotive in holding the roof stationary and prevent~ng vertioal 

deflection of the roof. 

The seoond point of general disoussion is the size of wave used 

in the test program. Based on available data for Lake Miohigan, waves 



with a deep-water wave height (Ho) 

for which it is necessary to design. 

lated from Ref. [lJ*, p. 175: 
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of 18 ft appear to be the largest 

Tbe following table oan be calcu-

Table 1 

Deep Water Height of' Depth at whioh 
wave height Period breaker wave breaks 

ft seo ft ft 

16 6 14.5 22.5 

18 7 16 23 

19 8 17·5 22.5 

Thus a wave generator oapable of generating shallow-water waves 10 to 17 

ft in height was oonstruoted. It was antioipated that waves of 7 seo 

period could be generated; however, it was quiokly observed that the ro

tational meohanism of the generator oould not produoe waves with periods 

shorter than 8 seo. Initially the 8 seo period appeared to impose an 

undesirable physioal limi tat:J.on 0n the system. However, this was not 

the case, because all waves of shorter period or shallow water wave 

height greater than,17 ft were found to break long before they reaohed 

the model and thus to result in a smaller differential aoting on the 

roof than did the largest,.shortest-period unbroken wave that reaohed 

the struoture (i.e., a wave that broke on or immediately, after the 

structure) • 

Finally, a word of oaution against the temptation to draw ourves;through 

the data in Figs .33 through 36 must b,e inse'rted. Considering the soatter 

of the data,whioh resul tedpri~arily from the varied wave geometry (i. e. , 

the fact that waves of, the same period and shallow-water W'a.'fe. height may 

* Numbers in braokets refer to referenoes listed on page 22. 
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have greatly differing steepnesses, crest geometries, and trough character

istics) and the relatively limited range of the variables examined, it is 

not anticipated that meaningful curves can be drawn through. the data. The 

primary goal was to deter.mine the maximum differential pressures acting on 

the roof, not to develop parametric curves oovering the entire range of 

variables. In the process of obtaining the maximum differential pressures 

a limited range of variables was examined and is included in the figures. 

In general it can be concluded that waves of the shortest period and greatest 

height whioh break on or very near the structure (often immediately after 

the structure) cause the largest differential pressures. The maxim:u.m differ

ential pressures for which the structure should be designed are discussed 

in section E or summarized at the end of the report. 

A. Selection of Appropriate Roof Structure 

Shown in Fig. 2 are the three roof structures that were tested. The 

primary objeotive of this set of tests was to select the smallest roof 

structure that would prevent undesirable vortex for.mation. Notes taken 

during the test program are summarized below. 

1. For the lake at nor.mal level (elev. 578) and no lateral drift 

current present a very strong vortex for.ms over the oenter 

intakes if no roof st~cture is present. The vortex that for.ms 

is judged ,to be of suf'ficiEmtstrength to draw air and small 

floating objects into the intake pipe. This would be true for 

ice chunks, which would be essentially neutrally buoyant. The 

small roof :(soheme a in Fig. 2) eliminates the strong center 

vortex, but circulation patterns of sufficient strength to 

cause surface depressions of the order of one foot or less do 

oontinue to exist. Both scheme b and scheme c in Fig. 2 

eliminated the surface depressions. These observations apply 

equally to summer and winter flow conditions (see Photos 9 and 11). 

2. As a lateral drift current was introduced (first at 1/2, then at 

1, and finally at 1-1/2 fps), the oenter vortex for.mation that 

occurred in the absence of a roof structure was oarried progres

sively downstream by the current until at 1-1/2 fps no vortex 

was or could be (by artificial means) for.med over the intake 

structure. As a result, lateral velocities greater than 1-1/2 fps 
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were not tested. For all the lateral drift velooities tested 

soheme b in Fig. 2 eliminated the surfaoe depressions oaused 

by vortex formation. 

3. For the range of lake levels examined (57~, ft to 582 ft), as 

the level was increased from the mini~-at whioh the vortex 

formation is most severe--to the maximum level, the strength 

of the vortex formed for any given roof structure continually 

decreased. For example, without a ~oof no vortex will form 

over the oenter intake for the following oonditions: 

a. Lake level 574, lateral velocity 2 fps 

b. Lake level 578, lateral velooity 1-1/2 fps 

o. Lake level 582, lateral velooity 1 fps 

A similar decrease in the severity of the vortex problem 

ocourred for all three roofs tested. 

In oonolusion, it is reoommended that scheme b,'Fig. 2 be constructed 

as the new roof. It is the smallest roof that eliminates all surfaoe effects 

due to vortex formation. This recommendation is in accord with discussions 

held with Mr. Schiebel and Mr. Salmon of Sargent and Lundy, Mr. Sold of Com

monwealth Edison, and Mr. Coleman of Harza Engineering during a visit to the 

model test site at the St. Anthony Falls HYdraulic Laboratory. All further 

tests were conducted with this roof only. 

B. Temperature Distribution 

As shown in Photo 4, a, steam heat exchanger was incorporated into 

the model so that heated water (temperature rise of 100 to 12oF) could 

be generated and then discharged through the ports in the thawing box 

around the circumference of the intake structure. A rapid response thermo

couple system was used to measure temperature distributions (including 

vertical profiles) at the twelve positions shown in Fig. 30. In addition, 

the temperatures of the incoming heated water and the cooling water with

drawn from the model were measured. Tests were oonducted at both the 

lowest and the highest antioipated lake level to determine if any substantial 

changes resulted from changing the lake level. Figures 5 through 27 were 

prepared based on the data obtained. 
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Figure 5 shows the peroentage of inooming hot water reoyoled to the 

oooling water intake as a funotion of lake level and lateral velooity. Using 

Fig. 5 the following'oaloulation oan be made: 

Assuming that" the lateral veloai ty in winter is 1 fps and 

AT between the lake (32oF) and the he~ted water disoharged from 

the thawing bo~ is 200 F, the temperature of the oooling water 

(To) entering the plant is 

Total 0p reoyoled 1 
To = 100 x '2 x (Thot water - Tlake) + Tlake 

(assuming approximately 1/2 of the reoyoled hot water enters eaoh 

oenter intake) or 

0.61 () 0 To = -:r- 52 - 32 + 32 = 38.1 F 

This would be the average for both intakes. T in the separate intakes o 
oould also be oaloulated using the ourves for the right and left intake s 

shown in Fig. 5. 

Figures 6 through 19 show the surfaoe and bottom temperature distribu

tion around th~ intake struoture. Curves of approximately oonstant peroentage 

of temperature rise (that is, the temperature along any curve equals the lake 

temperature plus an'indieated peroentage of AT) have been shown on the figure. 

By examining Figs. 6 through 9 at ~ow laKe level o:r Figs. 12 through 15 at 

high lake level the effeot of the lateral ourrent (always left-to-right in 

the figures) oan be deter.mined. 

Conoern was expressed that oold spots might possibly exist around the 

oiroumferenoe of the roof struoture and oause ioe formation. Careful obser

vation of the temperature distribution around the roof edge indioated that 

while for short periods of time (lor 2 seo) oold spots may exist, the tur

bulent mixing prooess is suoh that all areas do reoeive warm water, and 

thus ioe, formation should not ooour. 

Figures 20 through 27 are vertioal profiles taken at the edge of 

the roof direotly in line with the lateral velooity. The data show that 

as the lateral velooity inoreases from zero to 1-1/2 fps the temperature 

ratio deoreases from 40 to 10 per oent at the low lake level in Figs. 20 
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through 23 and from 40 to 20 per o~nt at the high.l~e level in Figs. 24 

through. 27. The minimum temperature of the water at the edge of the roof 

struoture when a 10 per oent ratio exists would be the lake temperature plus 

10 per oent of bT, resulting in a temperature at whioh freezing should not 

ooour. 

C. Velooity Distributions 

The third phase of the test program was. the dete~ination of the 

velooity distribution in the vioinity of the intake struoture. Of particular 

interest were points of high velocity; i.e., greater than 4 fps. Figures 

28 through 30 show the measured velocities. 

Figure 28 shows the summer intake velooities for the ports in the 

thawing box. The data indioate some relatively high velooities in the plane 

of the port openings. The ports .. are numbered 1 through 45 prooeeding oounter

olookwise around the struoture, number 1 being the first large port in the 

southwest oorner. For the first five or six ports in both the oounterolook

wise and the olookwise direotion from the shoreward edge of the thawing box 

(ports 1 through 6 and 41 through 45, respectively, in Fig. 28) the velocities 

exoeeded 3.5 fps. For ports 7 through 10 and 35 through 40 the velooity, 

while measurable, was signifioantly less. For ports 11 through 34, where 

the prototype velooity would be less than 1.5 fps, the ott meter used to 

measure the velooity was not sensitive enough.to measure an intake velooity. 
" ' 

Also shown in Fig. 28 are data taken 2 ft above the plane of the ports. As 

oan be observed, the velooities are significantly lower at this height. At 

a height of 4 ft above the ports no velooities were large enough to register 

on the ott meter; in other words, all were lower than 1.5 fps. 

The data for the winter operation of the thawing box is shown in 

Fig. 29. The average velooity in the plane of. the ports is 4 fps. For the 

larger ports near the shoreward edge the velooities are lower, but the dis

oharge (velooity times area) is approximately the same as for the smaller 

ports. At a distanoe of 4 ft above the top of the thawing box the velooity 

of the heated jets has not deoreasedsub~tantia11y exoept for th~ first few 

ports. However, due to turbulence, the velocities are less uniform than in 

the plane of the thawing box. 
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Based on 'work done by Albertson, 2.i &. [2J the velooi ty at the lake 

surface of the wat.er jet issuing from the ports ce..n be oalculated. For 

e:x:ample: 

Assuming a jet velooi ty of 4 fps (v 0) e..nd port diameter 

of 38 in. (D.) e..nd using Fig. 15, p.657 of Ref. [2J, the o 
following table can be developed: 

Table 2 

Distance' 
from lake Centerline Distanoe Centerline 

bottom velooity from lake velocity of 
divided by divided by bottom heated jet 

D V in feet in .fps 
0 0 

2 1.0 6 4·0 

4 0.95 13 3.8 
6 0.85 19 3.4 
8 0·75 25 3.0 

10 0.60 32 2.4 

Thus the heated water jet will have a velooity of appro:x:imately 3 fps when 

it reaohes the lake surface. This velocity will in .tum oause a slight 

surfaoe disturbance (less than 3 inohes high). A disturbance of this 

magnitude should not result in a dangerous oondition for any aquatic 
. activity. 

Finally, Fig. 30 shows the intake velooities at the edge of the new 

roof structure. As can be seen, all the velooities are appro:x:imately 2 to 

3 fps. As would be expected, the larger values (2.8 fps) oocur along the 

edge of the roof whioh is olosest to the edge of the oenter intakes. In 

general, the intake velocities around the edge of the roof seem small 

enough not to be a source of serious problems. 

D. Thawing Bo:x: Pressure Dif'fer~ntials Caused by Wave Action 

The differential pressures shown in Fig. 31 were measured using two 

transduoers located as shown in diagram A. 
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Wave direction 

l of 

G{ 
Port number 

.1. r-- Transducers 
(38" dia. ports) 

edge of thawing box 

Diagram A 

If a differential pressure exists, it is due to the time lag between the 

pressure acting on top of the thawing box cover plate and that acting on 

its underside. The time lag would be greatest at the locations which are 

farthest from the port openings. Thus two transducers, one measuring the 

pressure on top of the cover plate and the other measuring the pressure 

inside the thawing box, were positioned as shown in diagram A. 

As can be seen from Fig. 31, the maximum differential measured was 

approximately '1. 5 ft of head. The data shown in Fig. 31 were obtained 

with the lake level at an elevation of 578 ft (normal level) and with no 

flow into or out of the thawing box ports. 

Additional tests were conducted to ·determine the effect of flow con

ditions on the measured differential pressures. When flow is drawn into 

the structure (summer floW) only the. first 8 to 10 ports on each side of 

the intake pipe contribute to the' flow, as Shown in Fig. 28. The pressure 

transducers were located between ports 22 and 23; thus essentially no flow 

occurred in these ports, and correspondingly no change in the measured dif

ferential was observed. luring winter flow operation all 45 ports discharge 

flow at approximately 4 fps., Again the data indicated that essentially no 

increase in pressure differ~ntial occurred when winter flow conditions were 

modeled. It is not clear why no change occurred in this case. However, the 

transducers were located in a stagnation area within the thawing box, and 

thus the presence or absence of flow may have had little effect on the 

measured pressure differential. 
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Finally, data were taken whioh enabled the actual pressure aoting on 

the thawing bo:lC to .be oorrelated with the shallow water wave height causing 

the pressure. These data are shown in Fig. 32. 

In order to correlate the measured pressure acting on the thawing bo:lC 

snd the surface wave height, Equation 2.59 on page 20 of Ref. [lJ was used 

as follows: 

where 
CoSh( 2" !..-p) 

Ie = Cosh(2" t) 
Referring to diagram B below, p/y is the head at a point below the .surfaoe 

(point 1 in this oase)at a given time t;; Y is the vertioal ooordinate 

whose origin is at the normal water surfaoe; H, L, ,snd T are the wave 

height, wave length, snd wave period, respeotively; d is the normal lake 

depth; snd X is the horizontal ooordinate. For values of ·Y = -0.8 d and 

dlL = 0.11, whioh are appropriate for this study, K = 0.8; therefore 

y 
b 

Y o 

H 

Pl H ·X t 
1( + ~ = 2 ~ 0.8 Cos 2"(1 - 1) 

L ::::: 200 ft 

X 

Base of struoture 

Dia.gra.Jll B 

--
Y = -.8d d = 22 ft 

:::. "I E. 

Thawing bo:lC 

To obtain a ma~imum value of Pl/r acting on the thawing bo:lC as plotted 

in Fig. 32 let Cos 2"(f - #) equal unity. Then for Y = -0.8 d, 
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Pl 
-"1- = 0.8 d + 0·4 H 

Also 
Pl 
~= Yo - 0.2 d + pressure in excess of Yo 

measured by transducer at point 1 

For a shallow water wave that is shoaling, the following relationship 

agrees with available data (p. 114 of Ref. [lJ): 

Then combining EClS. (1), (.2), and (3), 

tJ? = 0.62 H 
'V 

where ~/'V is the pressure measured by the transducer on top of the 

thawing box and plotted in Fig. 32 as a function of H. 

(2) 

(4) 

By examining Fig. 32 it can be seen that the data obtained in this 

study agree relatively well with Eq. (4) calculated using values previously 

reported in the literature. 

E. Pressure Measurements on Proposed New Roof structure 

1. Wave Studies at Normal Lake Level with No Flow 

Wi th the lake at normal level and no flow through the m9.del a series 

of tests was conducted to determine t.he differential pressure acting on 

the roof structure. Four separate test conditions were examined: 

1. Differen-I:;ial pressure on lakeward edge of roof 

2. Differential pressure at center of roof 

3. Differential pressure on shoreward edge of roof 

4· Differential pressure between lake edge and shore edge of roof 

For each condition approximately 50 tests were conducted with waves of 

various periods and amplitudes to determine not only the maximum 
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differential, but also, to a limited extent, 

tude on .the resulting differential pressure. 

shown in Figs. 33 through 36. 

the effect of period and ampli

The results of these tests are 

The most significant features of the measured pressure differential 

shown in Figs. 33 through 36 are the magnitude of the differential, the 

scatter;of the data, and the fact that the pressure differential tending to 

lift .the roof Qff the struoture (negative) is of substantial magnitude, 

being equal to approximately one-half the-pressure differential acting 

.downward (positive) on the roof. The frequency of the alternating (i.e., 

posi ti ve and negative) pressure differential acting on the roof is the same 

as that of the waves oausing the pressure differential. Thus an alternat-

ing foroe of signifioant amplitude and low frequency (on the order of 0.1 cps) 

would act continuously on the roof structure as long as waves were passing 

over the structure. 

Some mention of the wave character.istics which cause maximum forces 

is pertinent. Figures 33 through 36 show the wave period and whether the 

wave breaks before, on, or after the structu.re. If the position at which 

the wave breaks and the period of the wave are examined, it can be seen. that 

in general waves of shorter period which are of maximum steepness as they 

pass over the structure (i.e., breaking on or after the structure) cause the 

largest pressure differentials. 

Needless to point out. is the large scatter of the data. This is 

caused primarily by the varying physical oharaoteristios of the waves as 

they pass over the structure. The wave generator was constructed so that 

the period and the travel of the wave generating plate were continuously 

variable. Thus it was possible to generate waves of the same period and 

height but of different profile. This differing profile, primarily a 

variation in wave steepness, would in turn cause the varying pressure dif

ference shown in Figs. 33 through 36 for the same wave height and, to a 

lesser extent, the same period. 

Figure 4 is a copy of several typioal wave oharts (see also Photos 

12' through 14). From the oharts it can be seen that the wave generator 

produoed waves of different shapes. Wave OR 13 has a sharp peak and rela

tively flat trough. Wave OR 16 also has a sharp peak, but a small secondary 

peak exists in the trough. Wave OR 32 is closer in shape to a deep water 

wave, having a peak and trough which are similar; however, the trough is 
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broader and less steep than the peak. All these waves broke after they passed 

over the struoture. This ohanging wave shape aooounts for most of the soatter 

of the data in Figs. 33 through 36. 

Table 3 

Wave Positive Negative 
height Period differential differential 

Test f'b seo ft ft 

eR 13 1,·9 9·3 3.6 1.4 
eR 16 14.2 11.75 4·6 3.2 
OR 32 14·6 8.56 4.8 1.6 

As a wave passes over the roof struoture the roof is subjeoted to 

three types offoroes: a vertioal force either upward or downward, a 

moment, and a substantial lateral foroe. In estimating the magnitude of 

the vertioal foroe acting on the roof, the following diagram oan be used: 

Shallow water~ 
wave shape • ---"--

\ 

Arrow shows direotion of pressur7 
on roof relative to normal lake 
level 

L~ 
Normal lake 
elev. 578 

1f=:;::::====:r==:::;::====:;=:;1 ..-- Roof 

~J1 ~/I :: I 1==\lII--_....J'......-__ ]_a_Se_o_f _s_t_ru_o_tu_r_e_-l'\r-__ ----.'" -= III =. mE; III =-
Lake bottom 

Diagram Q. 

To estimate the order of magnitude of the foroe that aots on the roof when 

the wave is oentered over the roof, assume a pressure diagram as follows: 
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Base of structure III 5. "'= ills 111 5111:=1«1 

Diagram D 

letting Force == J b.PdA 

where b.P is the differential pressure acting on the roof given by 

b.Pmax(l - Sin e) which accounts for the assumed triangular pressure dis

tribution and dA is a strip of area across the roof surface on which 

b.P is acting given by R2 oos2e de. 

Then 

or 

"/4 J 2 . 2 
Force = 4 b.P (1 - Sin e)R Oos e de max 

o 

Force = 1.8 R2 b.P max 

Alternatively, assuming a uniform pressure equal to that at the center of the 

structure (an even more conservative assumption), 

In either case b.P would be selected from Fig. 34 to be approximately max 
± 6 ft of water. Therefore, the order of magnitude of the vertical force 

would be expected to be between 1 and 2 million pounds for a circular roof 

37.3 ft in radius, and the force would act as an uplift or a oompressive 
_. " ,-

load depending'on the position of the wave. If a larger or smaller 

hP differential is selected for design purposes, the vertical force max 
will increase or decrease correspondingly. 

As a wave passes over the structure, the following process also occurs: 
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1. A large downward pressure occurs at the leading (lakeward) edge of 

the structure. This is usually accompanied by an uplift pressure 

(pressure less than mean water level) at the shoreward edge as 

shown at point 1 in Fig. ,. This oombination usually results in 

the maximum pressure differential between points a and b. 

Normal lake 
V L elev. 5.78 --::::--

® Lakeward edge (b) Shor,eward edge 
~~========;:===r========;=:; ----Roof 

Base of structure 

Diagram E 

For this example this combination results in a pressure differen

tial between a and b in diagram E of 6.5 ft of head for 
point 1 in Fig. ,. 

2. As the wave moves over the center of the structure, point 2 

in Fig. " the pressure level at points a and b is that 
eqUivalent to the mean water level, and thus no resulting 

pressure differential exists between a and b. This case 

resul ts in the pressure diagram shown as diagram D. 

,. Finally, as the wave crest progresses to the shoreward edge, po~nt 

, in Fig. 3, the pressure distribution shown below results. 

@ Lakeward edge (§) Shoreward edge 
r;::::;::===:::;;::==::r====:::;::::; ""-Roof 

II} ==I" ::111=/"1-_'" .-____ B_as_e_o_f_s_t_rll_c_t_u_re __ --1'-r--_-t 

Diagram F 
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~his, oomb:Ln€t"PiC)n oooa,s,iQ:raally ,resul ted')::q. the ma.x;Lm1Xll)., pressure 

di:f'fe~~ntial 'getween po;i,nts; a 1W,d. 'b. '. The fa<?tthat it· is shown as 

a negative d.ifferential at point 3 in Fig. 3 simply ind.ioates 

that the p:cessure·at point a (the 'base point) is less than 

the pressure at point 'b. For this example the d.ownward pres

sure at point 'b is 9.6 ft"of head g:ceater than at point a. 

Although the differentials are shown as positive and. negative in Fig. 36, it 

should 'be noted. that, the eleotronio system was a:cranged so that when the 

p:cessure at the lakewa:cd transduoer was greatest (wave orest atlakewar~ edge 

of roof) a positive differential would be recorded and plotted as positive in 

Fig. 36 and when. the pressure on theshorewa:cd transduoer was greatest (wave 

orest at shoreward,edge ot roof) a negative differe,ntial was recorded and 

plotted as negative in Fig. 36. 

The wave passing over the st:cuoture applies not only a net uplift or 

downwaX'd foroe on the :coof, but also a moment, first olookwise as the wave 

strikes the leading edge and then oounterolookwise as the wave orest passes 

over the shoreward edge of the :coof. 

The roof st:cucture is also subjected to a large periodio lateral foroe 

whose maximum value would aot towaX'd the shore due to the wave aotion. The 

lateral foroe would 'be due primarily to the difference in pressure 'between 
! 

the lakeward and shoreward edges of the roof. There would also 'be a seoond-

ary oontribution due to friotion drag, and beoause the transduoers were 

oriented so as to sense the pressure acting on the top and 'bottom of the roof 

and not the stagnation pressure on the leading and trailing edges, a seoondary 

oontri'bution should be added to account for the difference 'between the pres

sure measured 'by the transducers and the stagnation pressure acting on the 

edge of the roof. The drag foroe aoting on the :coof supports should also 

'be considered in a complete, detailed analysis. 

An example of the type of analysis whioh might 'be made for the design 

of this st:cuoture is as follows: The lateral force due to the measured 

pressure differenoes can 'be calculated using JISP COS 8 d.A where ISP is 

the pressure acting on the edge of the roof st:cucture, 8 is the angle 

'between an axis normal to the shore and the pressure normal to the roof 

edge, and d.A is e~ual to the roof thiokness T timesRd8 (using R 

assumes the roof is oiroular rather than polygonal). ISP was not measured 
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direotly exoept at the lakeward and shoreward extremities of the roof. A 

possible assumption for the pressure distribution around the roof edge might 

be 

6P = 6P (1 + Oos 9) 
max 2 2 

where 6Pmax is the maximum measured pressure differenoe between the lake 

'and the shore edge, oorresponding to 9 = 0. The equation for pressure force 

then beoomes 

217 ! (1 Oos 6) Foroe = 6P - + -max 2 2 

° 
Cos e TR de 

Using the above formulation and the measured 6P from Fig. 36 of . max 
10 ft of water, T of 2.5 ft, and R of 37.3 ft, the lateral force due to 

pressure can be oaloulated as of the order of 100,000 Ibs. 

mhe seoondary foroes mentioned earlier were also estimated based on 

the following typioal data: 

1. Deep water wave height = 18 ft 

2. Period = 8 seo 

3. Caloulated breaking wave height in 21 ft of water = 16.5 ft 

4. Caloulated wave velooity = 25 fps 

5. Velooity at roof top, V (used to estimate the friotional 

and momentum foroe oontribution) from Fig. 7.34 in Ref. [lJ: 

Yd - d 
where an N of 0.2 is s,elected and H = 0. 78 (~. 174 
of Ref. [lJ) where Yd is the depth from the top of the wave, 

d is the normal water depth, and H is the breaking wave 

height. 

Making the neoessary oalculations, the seoondary oontributions (uSing the 

largest reasonable values) would be of the order of 10,000 Ibs or less, or 

an order of magnitude smaller than the pressure foroes, and could be 

negleoted. 
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The lateral force in the opposite direction could be similarly com

puted and would be of similar magnitude. It should be noted that the forces 

computed herein are not to be construed as·design loads for this structure. 

Rather, the computations are intended to illustrate our interpretation of 

the test results. 

2. Wave Studies at Varying Lru(e Levels and Flow Conditions 

a. Some measurements were made for the lake 4 ft above and 4 ft 

below nor.ma1 lake level. Comparing these measurements with 

those made at normal lake level showed that no significant 

change in the pressure differentials results from a change 

in lake level for the range of lake levels and wave charac

teristics of interest in this study. At the lower lake level 

(4 ft below nor.mal) the decrease in water depth causes the 

waves to break sooner. As a result, waves higher than 14 ft 

did not reach the structure, and thus the maximum pressure 

differential that could occur was somewhat reduced. At the 

high lake level (4 ft above normal) it is assumed, with 

reason, that the maximum deep water wave height remains 

18 ft and that the height of the breaking wave therefore 

remains essentially unchanged. Thus with increased water 

depth over the structure and essentially constant wave 

height the differential pressures acting on the structure 

can be expected to be e~ual to or less than those at normal 

lake level. This conclusion was verified during the test 

program. 

b. Figure 37 gives the data for the pressure differential that 

occur;r:ed when summer flow conditions were modeled. The lake 

was at normal level. It was anticipated that due to the 

head loss associated with the flow, an increase in the maximum 

positive differential (downward pressure) would be observed. 

This did not show up in the model test data. A possible 

explanation is .. that the antiCipated change would be so 

slight P.s to be indistinguishable from the scatter of the 

data. An expected corresponding decrease in the negative 

differential was observed. However, even this change should 

be weighed cautiously in light of the large scatter in the 
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negative differential pressure data in Fig. 34. S~ilar results 

were obtained when winter flow oonditions were modeled. 

IV. CONCLUSIONS 

1. :Based on observaticms of the flow pattern, partioularly the 

vortex patter.n, assooiated with the proposed new roof struo

ture, sohemeb in Fig. 2 should be selected. 

2. The heated water disoharged through the thawing box ports 

during the winter season would effeotively prevent the for.ma

tion of ioe on the intake struoture and its roof. 

3. Intake velooities in exoess of 3 fps do not exist exoept in the 

plane of the thawing box ports under summer flow oondi tions., 

If the higher velooities whioh do exist (see Fig. 28, ports 1 

through 6 and 41 through 45) are oonsidered hazardous, pro

teotive measures must be taken. 

4. In light of the pressure data obtained, the following would 

seem to be reasonable prototype design values ("+" indioates a 

downward acting differential and "_" an upward differential): 

a. Thawing box oover plate ~.5 ft of head (Fig. 31). 

b. Center pressure differentials in feet of water: 

1) No flow: ±6 ft (Fig, 34) 

2) Summer and winter flow: ±6 ft (Fig, 37) [no ohange 

from 1) reoommended] 

3) Based on additional studies, the lake level (574 to 

582 possible variation) will not substantially 

affeot the results. 

o. Differentials at lakeward edge of roof: 

1) No flow: ±4 ft of differential (Fig. 33) 

2) No other tests were oonduoted, but ohanges similar to 

those reported above for changes in lake level and 

flow oonditions would seem reasonable. 



-22-

d. Dii'ferentialsat shoreward edge of roof: 

1) No flow: +5 ft and -~ ft (Fig. ~5) 

2) As with point 0 above, no other tests were oonduoted. 

e. Differentials with the lakeward transduoer sensing the 

pressure on the top side of the roof and the shoreward 

transducer sensing the pressure on the underside of the 

roof (Fig. ~6); 

1) The downward pressure differential when the wave crest 

is ovel.' the lakeward transducer is 10 ft of head. 

2) The differential when the wave orest is over the 

shoreward transduoer is 8 ft of head. 

5. This stu~ does not inolude the effect of ioe impact on the roof. 

Beoause of the shallow submergenoe (9.5 ft) it is believed that 
a breaking wave could slam ioe onto the roof. 
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Test Noo CR 13 showing Sharp Crest and Long 
Trough Length 

Test Noo CR 16 showing Sharp Crest and Long 
Trough with Secondary Wave in Trough 

Figo 4 - Three Typical Wave Shapes Tested 
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Fig. 22 - Temperature Profile at Low Lake Level (elev. 574) and Lateral Drift of 1.0 fps 
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Fig. 23 - Temperature Profile at Low Lake Level (elevo 574) and Lateral Drift of 105 fps 
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Fig., 24 - T.amperature Profile at High LClke Level (elev. 582) and Lateral Drift of 0 fps 
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Fig. 25 - Temperature Profile at High Lake Level (elevo 582) and Lateral Drift of 005 fps 
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Fig. 26 -. Temperature Profile at High Lake Level (elev. 582) and Lateral Drift of 1.0 fps 
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Fig. Z7 - Temperature Profile at High Lake Level (elevo 582) and Lateral Drift of 1.5 fps 
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Photo 3 - Wave Generator [Note: Photo is 
lying on its right side] 

Photo 4 - Heat Exchanger 
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Photo 9 - Summer flow pattern, no oross flow (time of 1/2 seo) 
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Photo 10 _ Summer flow pattern, slight cross flow (1/2 fps) 
(time of 1/2 sec) 
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Photo 11 _ Winter flow pattem, no cross flow (time of 1/5 sec) 
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Photo 12 - TYPical Wave breaking Before Roof 
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Photo 13 - Typical Wave breaking On Roof 
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