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THE HYDRAULIC LABO�RY 
A 'IDOL OF THE DESIGNING ENGINE:EE 

INTRODUCTION 

This paper presents in very abbreviated form a description of the 

new Hydr�ulic Laboratory of the Bureau of Reclamation of the United S tate� 

Department of the Interior in Denver, Colorado, U.S.A. It is spacious 

with ample headroom, and the arrangement and type of eq'Llipment is unique 

but very practical for the type of work under investigation. 

In addition to a. description of the laboratory, two specific hydraulic 

model studies will be briefed in an a�tempt to illustrate how the Hydraulic 

�aboratory serves the designer as a tool, espec:ta.lly when confronted with 

problems which are difficult of solution analytically. The first consists 

of a hydraulic machinery problem in connection with the design of the 

Granby Pumping Plant on the Colorado-Big-Thompson Project in the State of 

Colora:(l.o, and the second deals with a tidal estuary problem in connection 

with the design of the Antioch Steam Plant on the Central Valley Project 
I 

in the State of California. These two examples constitute only two of 

many unusual problems which have been assigned to the hydraulic laboratory, 

in the past 17 years, only after the analyticaJ. approach has failed to 

. yield satisfactory results. Oft times the value of the model study can be 

realized onl;r after much study and experimentation, as the limitations and 

possibilities are not ciear at the outset. A hydraulic model does not 

offer an automatic solution to any problem, rather its value lies in the 

ability and foresight of the experimenter and the facilities and equipment 

with which he has to work. 
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The Laboratory 

The Hydraulic Laboratory of the Bureau pf Reclamation is novel in 

that it is contained on a single ground floor. Except for 10-inch steel 

columns on 30-foot centers, the laboratory contains 53, 000 square feet 

(4, 930 square meters) of unobstructed floor space (excluding· offices, 

shops, and storage). Seventy percent of this area has 26 feet (8 meters) 

of headroom while ��e remainder is restricted to 13 feet (4 meters) of 

headroom. The laboratory is housed in a new factory-type building 'Which 

was constructed and used during tlie last war for the manufacture of 

munitions. Naturally, a great amount �f work was required to convert an 

area thiB size, having no floor drainage, into a Hydraulic Laboratory. 

In fact, l-l/2 years have elapsed since the laboratory was occupied, yet 

remodeling and installation work still continues. Figure l shows the 

arrangement of the laboratory. The large channels which traverse the 

laboratory are 9.5 feet wide and vary from 3 to 8 feet deep. These con

stitute the sump or reservoir_for the entire laboratory. Pump pits are 

located at each end of the main sump charmel as shown and will eventlla:11Y 

contain three 100-horsepower horizontal. centrifugal pumps plus other 

smaller pumps with a total capacity of apprQx.finateiy- 4o second-feet 

(l.13 cubic meters per second). The smaller channel shown encircling the 

main portion of the laboratory is a pipe chase which contains the permanent 

measuring equipment, piping, and valves. The measuring equipment consists 

of four banks of Venturi meters, ranging from 4 to 14 inches, arranged such 

that one bank serves a quarter of the main portion of the laboratory. The 

piping throughout the chase is principally 12-inch standard pipe with tee 

connections for vertical risers at 15-foot intervals along the line. To 
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connect a model into the systew, light temporary pip:tng is employed 

between the tee connection on the main line and the model. 

All valving in the permanent lines is accomplished with hydraulically 
I . 

controlled gate valves, and these are all located under the floor except 

for. some of the valves on the individual Venturi meter lines. To reduce 

excess bulk and weight, the operating cylinders for these valves were 

specially designed and manufactured in the laboratory shops. They 

operate from the city water pressure (approximately 70 psi) and are con

troUed by 4-way solenoid operated pilot valves located directly on the 

large valves. The pilot valves are in turn operated electrically from 

the two central control boards shown on Figure l. The two ccmtrol boards 

will contain specially designed pot-type mercury manometers for indicating 

discharge through the Venturi meters plus Selsyn-motor-operated indicators, 

which will show the position and opening pf every hydraulically operated 

valve in the 1.aboratory. The boards will also contain pushbutton controls 

for operating these valves and pushbuttons and controllers for energizing 

the main pumps. 

In case one pump will not supply the required discharge or sufficient 

head for a particular model, cross-connections are prov1ded in one pump 

pit whereby two 100-horsepower pumps can be connected either in parallel 

or series by merely operating pushbuttons on the control board. Two of 

the 100-horsepower pumps a.re driven by 4-speed alternating-current motors 

while the prime mover on the third pump is an 11-speed slip ring motor • 

.Al.l meter's in the laboratory are calibrated and checked in place �t 

regular intervals by utilizing the volumetric pipette tank sho,m in the 

center of the main laboratory, Figure l. The main tank, which has a 
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volume of approximately 700 cubic- feet aJ.so contains a simi 1 a.r but small.er 

tank of about 60 cubic feet capacity. For discharges of 2 second-feet and 

less the small. tank suffices while for discharges greater than 2 second-feet, 

both the small. and large tanks are utilized. Accuracy is maintained with 

this re1ativel.y small capacity tank by the following measures: 

l. The small tank or both tanks are aJ.ways filled tQ the neck thui\l 

improv�ng the accuracy of water surface measurement from which the volum 

is obtained directly. 

2. Water temperatures are recorded as the volume of the large tank 

changes slightly with temperature. 

3. Pneuma.tical.ly-operated diverting equipment, so that speed of 

movement of the swing spout is uniform. and position of spout can have no 

influence on the flow through it. 

4. Extremely accurate timing device. 

5. SpeciaJ. care 'in.determining volumes of the calibration tanks at 

various water temperatures. 

The absence of constant-head tanks i_s perhaps conspicuous to the expe

rienced hydraulician. .Al.though the 1aboratory is in possession of a _ 

constant-head. tank, it is not the intention to install it untiI necessity 

demands its use. It has been found that much more flexibility is possible 

in the laboratory if constant-head tanks a.re eliminated. Little accuracy is 

sacrificed by this procedure as ·1ong as the powerllnes into the building a.re 

ample to prevent locaJ. volt88e drop, the motors on the pumps have a relatively 

constant speed, and the hydraulic models are J.imited to a reasonable sizeo 

Incidental.ly, extremely small models are not popular in this laboratory. The 

one slip�ring motor mentioned previously is not adapted to constant speeds. 
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One of the most versatile and usefu1 pieces of equipment is a 

portable pump unit equipped with indi viduaJ. flow-measuring device which 

can be easily transported and assembled over any- sump channel. It consists 

of a vertical turbine-type pump, a standard section- of lightweight pipe 

containing a flow straightener, and an 8-inch combination orifice- enturi 

meter developed especiaJ.ly for this application. The meter, Figure 21 . g 

incorporated in it a ring seaJ. which automatical.ly seals the orifice pla e 

in place when the pump is set in motion. To change orifices or utilize the 

device as a Venturi meter, it is merely necessary to shut down the pump, 

lift the orifice plate :rrom the s1ot, replace it with t�e one desired, and 

re-start the pump. There are no bolts or. clamps to loosen, and it is not 

necessary to drain the water f:rom the line when changing, orifice plates. 

The unit has the advantage that it can be used as a Venturi meter for the, 

larger discharges, where losses are important; and can be used as an 

orifice meter for the intermediate and smaller flows where losses are of 

little concern. Of course, the outstanding advantage of this meter is its 

portability. The laboratory possesses £ix 8-inch and six 6-inch p p units. 

of this type. The 8-inch units have a capacity of 5 secobd-feet each while 

the 6-inch units are limited to 2 second-feet each. 

In addition, the laboratory possesses air testing equipment consisting 

of two centrifugaJ. blowers with capacities of approx:imately 3,000 cfm each at 

2 psi together with related apparatus. It is aJ.so intended to install in 

the laboratory a pump and turbine testing unit, of approximately 5OO-horsepower 

capacity when this equipment is again available for purchaseo A large outdoor 

river sedimentation laboratory, which will be located adJ'acent .to the labora

tory building, ·is in the design stage. 
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A HYDRAULIC PROBLEM IN CO�TION WITH THE 
DESIGN OF 'IlIE GRANBY PUMPING PLANT 

The Granby Pumping Plant will be located on Granby Reservoir, 8 miJ.es 

north of Granby, .Colorado, on the western slope of the Rocky Mountains .• 

Water from the headwaters of the Colorado River will be stored in the 

reservoir during periods 0£ high runoff. Then during periods of deficient 

runoff water . from the Granby Reservoir will be pumped up to Shadow Mountain 

and Grand Lakes, which a.re ·Joined by a short channel, and from Grand Lake 

the water will flow through a 13-mile �ong tunnel under the Continental 

Divide to the eastern slope of the Rocky Mountains where it will be used 

for both irrigation and generation of power. 

A plan of the Granby Pumping Plant is shown on Figure 3 o There will 

be 94 feet of variation in the water level of Granby Reservoir, from a 

maximum of elevation 8280 to a minimum 8186 feet above sea level. The 

plant will consist of three vertical shaft, single stage, centrifugal 

pumps, each with a capacity of 200 second-feet at the maximum pumping head 

of 186 feeto Each pump will be driven by a 6,000-hp, 327-rpm, 6,600-volt, 

3-phase, 60-cycle synchronous motor. 

The suction line to each pump ext_ends from a concrete intake structure, ---

in the bottom of the reservoir, which consists of an 87-inch inside diam.et.er 

concrete pipe approximately 570 feet long. Because of the large fluctuation 

of the inlet head, the long suction pipe, and the low barometric pressure at 

this rather high altitude, it was necessary to install the pumps well below 

the minimum reservoir level so as to insure freedom from cavitation throughout 

the wide range of operation. The three pumps will discharge through 87-inch 

inside diameter steel yipes� These will branch into a single concrete conduit 

11 feet in diameter which will conduct the water up to a canal. From here the 
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water will flow into Shadow Mountain Lake. The total length of discharge 

pipe from pump to canal will be approximately 3,500 feet. 

-Eventually, the Granby Pumping PlA.Ut will· be supplied with energy from 

the power system on the eastern slop� of the Rockies t¥ough a ll5-kv trans

mission line. This line will extend over much mountainous country, crqssing 

the Continental Divide by way of ll,700-foot Buchanan Pass o As outages due 

to storms, slides, etc. , are likely to occur along this line, it was impera

tive that the Granby Pumping Plant be designed so that the pumps could also 

be started and operated on a limited supply of power from the Green Mountain 

Powerpla.nt, which is located on the western slope, 45 miles distanto A 

69-kv line already connects the two 12,000-kva generators at Green Mountain 

Dam -w1 th the site of the Granby Pumping Plant. 

The Granby pumps will be subject to discontinuous operation requiring 

frequent starting and.stopping as it is intended that they be operated on 

secondary power as much as possible. As these large motors will require 

from five to seven times the normal running power on across-the-line starting, 

this would cause dimming of lights and interference with equipment on the 

connected system, and under certain coiiditions the rate of increase of power 

-input required by the pump motors couid exceeµ. .the rate o:f response-of-the 

generators. These in turn. are limited by the inertia of the water in the 

power penstocks and the capabilities o:f the turbine governors. 

The Model 

In an at-tempt to make the most of these limitations an 8-inch model 

pump was set up in the Hydraulic Laboratory with the necessary valves, 

piping, and'measuring instruments to investigate methods of starting and 

stopping, Figure 4. The model pump, while not homologous with the Granby 

unit was sufficiently similar in type. The scale ratio was 1 to 6.3, 
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based on impeller diameters. The instrumentation consisted of Venturi 

meters to measure the discharge; electrical. pressure cells to measure 

fluctions in pressure; indicating wattmeters, a watthour meter, a voltmeter, 

and an ammeter to measure power input to the motor; tachometers to indicate 

speed of the motor and rate at wh'i--Jh vaJ.ves were opened or closed; therm.om� 

eters of various types to measure air and water temperatures; and an 

oscillograph which was utilized to record instantaneously some of these 

variable factors. 

Firs� Method for Starting 

The first method investigated for starting the pump with a minimum of 

line disturbance was to bring the unit up to synchronous speed by means of 

an impulse water wheel. · A 3/16-inch brass plate was attached to the top 

of the model impeller and 30 buckets were cut at a 20 degree angle by a 

l/2- by l-l/2-inch diameter keyseat cutter as shown on Figure 5. Four 

l/4-inch nozzles were arranged to impinge jets of water along the inner curve 

of the buckets as shown. The arrangement of piping and valves is shown on 

Figure 6. Before applying the jets, however, the water was forced out of 

the pump case by first closing the main discharge vaJ.ve and then admitting 

compressed air to the pump case tlirough a port in the s�ion tube. Thus, 

on starting, the impeller rotating in air was brought up to synchronous 

speed by the high-velocity jets. It was found that a by-pass connection 

between the discharge side and the suction tube of the pump was necessary to 

equaJ.ize the pressure while bringing the impeller up to speed. Without it, 

water from the jets accumulated, due to rotation of the impeller, and built 

up a pressure on the discharge side, thus requiring considerably greater 

pressure on the jets to bring the pump up to speed. Upon reaching 
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synchronous speed., the pump motor was energized and the jets were shut off. 

The air in the pump case was then gradually released to the atmosphere 

thro� a port on the discharge side of tlie pump, thereby allowing the water 

to submerge the impeller slowly and in this way gradually build up the 

pressure to shut-off head. The niain discharge valve was then opened at a 

constant rate until the pump motor was operating at full load, the valve on 

the by-pass line was then closed; thus the starting cycle was completed. 

From the electrical standpoint the test was a success, as in no pa.rt 

of the entire starting operation was there a sudden surge in power·o In 

fact, the power requirement characteristic, up through full load, could be 

regulated to order by controlling the rate of release of air from the pump 

case, then controlling the speed with which the main discharge valve was 

opened. 

A few things were also learned concerning the hydraulic operation: 

io A by-pass is essential between the discharge and suction side 

of the. pump not only to carry away the water imparted to the buckets by 

the high-pressure jets, but it provides a necessary means of cooling the 

water by circulation d,uring the period when the discharge valve is 

ciosed arui tne impeller is turning in water. It also aids in controlling 

the rate of power decrease in the shut-down cycle. The size of the by

pass in this case is governed by the discharge from the starting jets. 

The by-pass should be provided with a valve so that circulation through 

it can be discontinued after the pump is operating at full load, other� 

wise a loss in efficiency is involvedo 

2. The compressed air int,ake port functioned best when located 

midway in the· suction tube of the pump. 
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Jo The air exhaust port sh,ould be 1ocated on the .d-ischarge side 

of the pump, preferably in a dome on top of the pipe where water will 

interfere least with the escaping air. 

4. The shut-down cycle, which is practically the reverse of the 

starting cycle, is applicable to any vertical pump, as the shut-down 

cycle is independent of the device used for attaining synchronous speed. 

In shutting down, the by-pass valve is opened while the main discharge 

valve is closed slowly, then compressed air is forced into the suction 

tube producing graduaJ. unwatering of the impeller. When unwatering is 

complete the motor switch is opened terminating this cycle. The 

revolving impeller traps water on the discharge side of the pump during 

the unwatering operation of the shut-down cycle unless a means of escape 

is provided. The by-pass serves this purpose. 

The effect of the impeller buckets on the efficiency of the pump was 

next determined by both hydraulic and electrical measurementso Tests were 

first made with the buckets in place and then �epeated. with the buckets 

filled with typemetal. The buckets reduced the overall efficiency of the 

pump unit about 4 percent at full load and correspondingly less for partial 

loads, this loss being largely due to the effect of water being circulated 

in the buckets themselves o The bucket loss in ·three large prototype pumps 

would be considerable over a period of time; thus the design of a common 

impulse wheel and impeller was aband.oned. 

Second Method of Starting 

A second method proposed for bringing the unit up to synchronous speed 

was to mount a separate impulse water wheel directly on'the main shaft under 

the motoro With this soheme, four 7/8-inch diameter jets (prototype 
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d:ilnensions, discharging under a pressure of 300 psi, :ilnpinging on the buckets 

of an enclosed Pelton wheel, would develop approxilllately 165 hp at the norm.al 

speed of 327 rpm, which would be ample torque to bring the unit ·up to 

synchronous speed, providing the pump :ilnpeller was rotating in air. With 

this plan, the valve on the discharge line would be closed and unwatering of 

the :ilnpeller would be accomplished by forcing compressed air _into the pump 

case. The high-pressure water for the jets would be supplied by a boiler 

feed pump and the discharge from the water wheel would flow into the station 

sum,P, from whence it would be removed by the regular sump pumps. Speed 

control during the period of synchronization would be accomplished by 

throttling the high pressure supply and by use of the regular service air 

brakes. The characteristic of an impulse wheel gives the ma:x::ilnum torque 

at zero speed; however, the breakaway_ torque of the unit would be limited 

to a reasonable value by introducing sufficient 9il presc.�e under the 

collar of the motor thrust-bearing to float the r9tating parts on a film of 

oil. Th.is method of starting was entirely feasible as the loss due to the 

buckets revolving in air was computed as 0.02 percent; however, it was 

decided to investigate t�e possibility of starting the motor, across the 

Third Method of·Startipg 

The bucket ring was removed from the :ilnpeller of the model pump and the 

same procedure of starting was repeated, except the motor was started across 

the line after the :iJ:npeller was unwatered., To be sure that the �ethod·is 

clear the procedure will be repeated: 

(l) With main discharge valve closed and by-pass open, compressed 

air is used to unwater pump impeller, 
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(2) Motor is sta.rten, across the line, 

(3) Air is slowly exhausted. from pump case until full sh t-of'f 

head is developed by pump. 

(4) Discharge val.ve is opened slowly at a constant speed and 

(5) By-pass val.ve is then closedo 

In stopping the pump the procedure is exactly the reve�se. An 

oscillograph record of this test is shown on Figure 7. Starting at the 

very top, the upper three lines represent pres_sures (PC 5 in the suction 

tube, PC 4 in intake line, and PC 6 in discharge line), the sine wave 

represents current flowing to motor, and the lower two traces show revolu� 

tions of motor and positioning of discharge val.ve, respectively. The 

vertical. timing lines a.re one-hundredth of a second apart. The starting 

and stopping procedu:t'es a.re outlined on the oscillogram for positions of 

the discharge valve up to 45 percent. The important point which this 

oscillogram illustrates is that, except for the instant that the motor is 

started in air, the rate at which power flows to the motor can be controlled 

readily by the timing of the hydraulic operations, thus there is no need to 

tolerate any but minor power surgeso 

Tlie input to the motor in amperes, as sho'Wil. on Figure 7, is not a 

reliable indication of the power required, as the power factor for the 

model pump varied from zero at no load to 0. 90 at f.ull load. Actual.ly, the 

power required to spin the impeller in air amounted to 10 percent of that 

required at full load. Thus, to start the impeller in air would require 

from 50 to 70 percent of full load power, depending on this characteristic 

of the prototype motors. To operate the pump, with water in the case, at 

full shutoff head required 53 percent of full load power. Thus, once the 
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motor is started in air, the rate of transition from 10 to 100 percent of 

full load power can be controlled by the timing of the hydraulic operations., 

This latter method will be followed in starting and stopping the prototype 

pumps when operating on power f'rom Green Mountain Dam. With power availaibJ.e 

from the plants on the eastern slope, the unwatering procedure would be 
I • I 

eliminated. Thus, with discharge valve closed and by-pass valve open, the 

motor would be started with impeller submerged, which would require 

approx:lmately 3 . 5  times full load power on starting. The discharge valve 

would then be opened slowly. 

Fourth Method of Starting 

As a matter of interest a fourth method of starting, which was 

immediately discarded, was investigated. It was desired at one time to 

eliminate one of the valves on the main line (see Figure 6), preferably 

the discharge valve, as the intake valve is essential for unwatering the 

pump during maintenance. Under this plan, the suction valve would be 

closed while the pump was started across the line with water in the case. 

Then the suction valve would be moyed slowly to the fully open position. 

To alleviate low pressures during the cycle, an a:1,r vent· (Figure 6), was 

provided :imm.ed:-iately downstream. from the intake valve. It-was-found-that 

pressure surges and power surges went hand in hand; one created the other 

and vice versa. When the air vent was closed, cavitation occurred i� the 

model as the intake valve was openedo This was not entirely unexpected 

but this condition could not be tolerated in the prototype. 

On repeating the test with the air vent open, the low pressures were 

relieved, but the unstable mixture of air and water now flowed through 

the pump and up the discharge line, resulting in ram.paging pressure 
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fluctuations with corresponding :power surgeso The comment of' the 

experimenter was simply this, "From a hydraulic standpoint, throttling 

with an intake valve on a pump line is fundamentally �sound as low 

pressures are created unnecessarily. In the case of the Granby pumps, 

where surges in pressure �e directly affected by the power requirements 

of the motors, neither cavitation nor venting should be tolerated even 

for the few.minutes that it takes to open or close a valve." 

14 



A· TIDAL :ESTUARY PROBLEM IN CONN.llCTION WITH 

THE D:ESIGN OF THE ANTIOCH STEAM PLANT 

A steam-electric plant is proposed on the San Joaquin River near 

Antioch, California to stabilize the hydroelectric power at peak loads which 

will be generated at Shasta and Keswick Dams. The Shasta and Keswick Dam 

powerplants are schedul.ed to generate a ma.x:unum of 450,0?0 kilowatts and the 

tentative capacity of the steam-electric plant is 150,000 with provision for 

an additional 150,000 kilowatts shoul.d an increase in capacity be Justified 

by future demands. A general plan of the steam plant is shown on Figure 8. 

The San Joaquin River in the vicinity of Antioch is a tidal estuary in 

· which the flow reverses direction every six hours. This water may be brackish 

or fresh depending on the natural flow of fresh water in the river. Cooling 

water for the steam condensers will be pumped from the San Joaquin River and; 

after it has served its purpose, the same water, although heated in the 

process, will be discharged back into the rfvero For the ul.timate installa

tion of 300,000 kilowatts, computations indicated that a flow of 1,000 second.

feet woul.d be required for single-pass condensers allowing a rise of 6. 5° F 

above r:I, ver water temperatwe; or 480 second-feet would. be needed for double·

pass condensers permitting a temperature rise of 16.5°. For ·the maxilnum 

installation, 12 pumps of 85 second-feet each were proposed for the single

pass condensers or 12 pumps of 40 second-feet would be used for the double-

pass condensers. 

It was desired to know whethAr recircul.ation of the heated condenser 

water woul.d occur during flood tide, and if so, to what extent, as heating 

of the condenser intake water woul.d be reflected in a reduction in 

efficiency of the powerplant. With the outlet located down the river from 
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the intake, Figure 8, reqircu.J,.ation coul.d occur onJ.y during flood or slack 

tide; therefore, the study made coul.d be limited to this portion of the tide 

cycleo The most useful. tool in investigating a problem of this type was 

considered the hydraulic model. 

The Model 

A model was constructed on a 1:100 undistorted scale. It measured 

approximately 30 by 14 feet yet included only a small portion of the river 

adjacent to �he site of the steam. plant. The pumphouse and outlet channel 

were constructed to scale, while the intake and outlet conduits were 

sl'ig.htly larger than the scale would indicate to compensate for unproport:lom.J. 

friction losses in the modelo Thermometers were placed in,transparent 

sections of the intake conduits for observing any temperature rise which might 

accompany recirculation of the heated water issuing :from the outlet channel. 

The intake discharge was throttled and measured through two calibrated gate 

valves and then wasted into the laboratory .sump. 

A circular tank was provided for mixing hot and. cold water to obtain 

the desired temperature for the water flowing through the outlet conduit. 

This included a motor-driven stirring device which maintained a constant 
\ 

_.temperature throughout the tank ., The tempered water then passed-±nto-the 

two discharge conduits, which also .included thermometers, and then discharged 

into the trapezoidal outlet channel leading to t.he river, Figure 9A. Flow 
I 

through the outlet conduits was al.so controlled by calibrated gate valves. 

Although intake water was wasted directly into the sump, compensation for heat 

lost in this way was accounted for by raising the t'emperature of the outlet 

water a corresponding amount. 
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The model riverbed, which included approximately one-balf the width 

of the river, was first molded in sand with the aid of metal templates made 

:f'rom navigation chartsa The shallower portion on the .Antioch s�de, including 

the pump intake channel and the outlet channe'l, was capped wi.th a thin shell 

of concrete to stabilize thi.s :portion of the bed. The deeper portion of the 

channel remained of sand. 

As the most extreme condition of heating of the intake water will 

occur when the tide is flowing u:p the river with a corresponding SIDa.1.1 flow 

of the river proper, the model was constructed to duplicate only the flow

tide condition. A water supply was provided at the do'Wllstream end of the 

model to produce flow up the river and an adjustable weir was provided at 

the upstream end for regulating the tide level o 

To obtain the correct tidal prism flowing upstream in the model 

required a rather laborious method. Commencing with historical data which 

in this case was the tide-stage velocity curve for the San Joaquin River 

at Antioch, .flood tide was duplicated on the model by :egulating tide-height 

with respect to time 1::iy the adjustable weir. Simultaneously the tidal flow 

in the upstream direction was regulated to produce conesponding tide-r-

velocities with respect to time. Macy repetitions were necessary before 

a flow curve was developed which was in step with the correct velocity, 

tide-stage, and time. The tidal prism in the model, however, bore no 

definite relation to the field data as only a portion of the river width 

was utilized in the model. 

Model Reproduction 

I 

The recirculation problem was considered in two parts; first, a fluid 

flow study in which all factors in the model bear a definite relation to the 
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prototype, and secondJ.y, a thermodynamic study in which loss of heat and 

rate of stratification occur at practically the same rate in model and 

prototype and are not necessarily to scale. Interpretation of model results 

appeared less certain in the latter case than in the former. 

In the first part of -�he study the model-prototype relationships 

follow the accepted laws of hydraulic similitude for a scale ratio of l 

to lOOo From the thermodynamic portion of the study, the application df 

these_laws was questionable so it was apparent that it would be necessary 

to treat the flow and the heat studies as separate problems. The model 

was initially operated to observe fluid motion, and secondJ.y, to study 

heat flow. 

Original Design (Test 1) 

The original design, Figure 9A, was first operated to locate 

predominating currents and determine the extent of recirculation. Two 

studies were made, and this is true of all following designs: namely, 

l, 000 second-feet (0.010 second-foot, model) of flow from condensers with 

6.5° F temperature rise above intake water temperature, and 480 second-feet 

(Oo0048 second-foot, model) discharge f'rom condensers with 16.5° rise above 

intake water temperature. F.ach study was begun at slack tide; extended through 

the flow-tide portion of the cycle, and concluded at the following slack-tide 

period. True flow simi�itude was adhered to throughout these tests, such that 

time and velocities in the model were one-tenth of those values in the prototype 

and flow was in the ratio of l:l00, 000. It was planned to pump cool wat�r 

from the river bottom to the condensers and discharge the heated water near 

the surface. 
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The flow pattern for the original design is pictorialized for flow 

tide on Figure lo. Dye was used to color the heated condenser water, and 

the time indicated on the figure represents prototype minutes after slack 

tide. During slack tide, Figure lOA, the heated water spread out on the 

surface over a considerable areao Twenty minutes later the slow tide velocity 

had forced the condenser discharge water toward the shore, Figure lOB. As 

the tide velocity increased, the flow pattern assumed the forms shown in 

Photographs C, D, and E, during which time the heated water passed directly 

over the pump intake bay on its course upstream. Photograph F shows the 

pattern as the heated water colillllenced to spread again at the following 

slack-tide period. 

During each run, temperature readings were taken at various depths 

with accurately calibrated thermometers for each intersection point of 

the grid system, Figure ll� The thermoni.eters were mounted in horizontal 

racks and were read in a totally submerged position. These readings were 

recorded during the period of maximum velocity upstream, which was 

considered the most adverse copdition. The grid system merely served as 

a convenient means of recording and photographing results. The grid lines 

as shown were 100 feet apart in each direction, or one foot.apart iIJ. the 

model. 

Cross�sections on Figure ll show the measured temperature rise above 

tide-water temperature, at various points throughout the grid system produced 

by 480 second-feet of co�enser w�ter, heated approximately 16.5 degrees 

discharging into the river o In this case the intake water was heated 2. 1 

_degrees above tide-water temperature by recirculation. The pump bay_ as 

located in the original design formed a dead, slowly rotating pool of water 
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in which heat tended to accumulate with tilne. This is evidenced by the 

manner in which the colored water.remained in the pump bay after slack 

tide, Figure l0F. 

A second test was made with the discharge of 1,000 second-feet which 

was heated 6. 5 degrees in its passage through the condensers. Recirculation, 

in this case, heated the intake water 1. 4 degrees above the tide-water 

temperature. The BTU content discharged into the river was. slightly greater 

in the former case, and this is evidenced by a larger temperature rise. 

�ischarge Conduits Extended 500 Feet (Test 2) 

In an attempt to obtain better mixing action with the cooler water 

in the river, the condenser discharge conduit was extended 500 feet farther 

out into the river as shown in Figure 9Bo The photograph on Figure 12A 

records the heated flow pattern taken 300 minutes after the beginning of 

the flow-tide cycle. A comparison of flow results with those of the original 

design (Test 1) shows that the heated water moved about 100 feet farther 

out into the river with the outlet extension; however, heat accumulated in 

the pump bay as in the former case. Confetti floating on the water surface 

of the pump bay, Figure 12A, illustrates the type of slow, rotating motion 

experienced at this location. The intake-water temperature increased o.8 

degrees above the tidewater temperature for the 1,000 second-foot discharge 

and 1. 5 degrees for the 480 second-foot discharge. The amount of 

recirculation in this case was less than for the original design. 

Dike on Downstream Side of Pump Bay (Test 3) 

In a second attempt to reduce recirculation, the outlet-pipe extension 

was removed and a dike, which extended above high water, was placed along 

'the downstream side of the pump bay as shown on Figure 9C in anticipation 
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that the heated water would be directed away from the inta,ke 0 One photo

graph of the heated-water pattern taken 300 minutes after the beginning of 

flow-tide �s shown on Figure 12B. The dike did direct the warm water fa;rther 

out +nto the river at the intake, however, the predominating flow of the tid , 
I 

again forced it toward the shore :umnediately after passing the extremity of 

the dike. A small portion of this heated wat.er was attracted to the pump 

bay by the slowly rotating motion of the water therein which grad� 

produced an accumulation of heat comparable to that in the previous designs. 

The temperature rise in the intake for a condenser discharge of 1,000 

second-feet was 1.4 degrees and for 480 second-feet the temperature rise 

was 1. 9 degrees. 

Split-outlet Channels (Test 4) 

It was desired to develop a design in which recirculation would be 

absent or minimized as much as practically possible. The pumphouse was 

relocated as shown on Figure 9D and a split-outlet channel with automatic 

diverter gate was next utilized to control the direction of flow of the 

heated condenser water as it entered the rivero The heated water was 

diverted downstream at ebb tide and up river during flood tide, as shown 

by the photographs on Figure 13. The diverter gate could be controlled by 

a veiocity device which would actuate a relay when flow reversed in the river 

or the same result could be obtained by the use of a clocko Should the gate 

ever fail to operate, no material damage could result. 

For both the 1, 000 and 480 second-feet discharge no temperature rise 

of the intake water was recorded, giving the result desired. In this design, 

heating of the intake water can occur only at slack tide which will exist 

but for a few minutes. 
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.Ana.J.ysis of Heat Losses 

The heat in the condenser discharge water can be dissipated in three 

ways: (1) heat loss to the surrounding atmosphere by convection and 

evaporation, (2) heat loss to the riverbed by conduction, and (3) heat 

transfer to the cooler river water by conduction and mixing. In the first 

two cases the heat los� to the atmosphere and the riverbed is primarily a 
I 
function of the contact ,areas. In the 1.ast case volume's a.re the governing 

factor. 

The rate of dissipation and stratification of heat in model and the 

prototype is the same. Assuming that the initial temperatures in model 

and prototype a.re the same, the heat supply to the model is woportional 

to the quantity of heated condenser water entering the river per unit of 

time in the ratio of 1/100, 000. The heated-water pattern, as it moves 

from the outlet to intake in the model, occupies a surface area equal to 

1/10,000 of that of the prot�type. As the heat losses, due to convection 

and evaporation at the surface and conduction to the riverbed, a.re proportion 

to the areas e:x:pos�d, the model losses per unit of time will be 1/10,000 

of those in· the prototype . The relative losses to atmosphere and riverbed 

a.re therefore proportionately lOO,OOO or ten times larger in the model. ' . . w,ooo 
Thus the temperature drop experienced in the model, due to the above losses, 

was ten times too great. 

As the degree of heating of the intake water was of primary i�terest, 

the surface area between the outlet and pump intake will be considered. 

This involves an _ a.rea equal to approximately 200, 000 square feet, prototype • 

From Figure 11, the condenser discharge water was 80. 2 degrees with a 

corresponding air temperature of 68 degrees, producing a differential at the 
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outlet of 12.2 degrees. The differential between air and water at the pump 

intake was -J...7 degrees. 

Surface convection from air to the wate� produces a gain of heat 

approximating 2. 0 BTU per hour per square foot of surface per degree 

(Fahrenheit) of differential, which amounts to 800, 000 BTU per hour for 

the prototype. Evaporation, on the other hand, is responsible for a loss 

of heat from water to air of 21.8 BTU per square foot of surface, which 

is equal to 4, 367, 000 BTU per hour. The .net loss of heat by the water, 

from these two causes, is, therefore, 3, 567, 000 BTU per hour. The total 

amount of heat entering the river from the condenser outlets, using 

river-water temperature as base, equals 1, 768, 400, ooo ·BTU per hour. The 

heat loss to the atmosphere is 0 , 20 percent of the total . 

The heat conduction from the heated wate� to the riverbed should be 

approximately 8. o BTU per square foot of contact surface per degree of 

differential per hour for the first hour after 'reversal of flow in the river, 

and one-half this amount thereafter. The loss of heat from water to stream.bed 

is about 3, 520, 000 BTU for the first hour of flood tide, which is 0.-20 percent 

, of th� total heat entering the �iver. The combined heat loss to the atmosphere 

and riverbed is, therefore, approximately o. 40 percent of the total, leaving 

99.60 percent of the heat to be transferred to the adjacent cooler river 

water by mixing. It i£ now apparent that the convection, evaporation, and 

riverbed conduction losses, which were not to scale, are of little importance 

and could be neglected in these computations. Interpretations of model 

temperatures would be complicated were it not for the fact that all of the 

above losses are small in comparison to the heat transferred to the river 

water by mixing action. Proof of the unimportance of the above makes it 
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possible to deal primarily with the third loss which is basically a 

hydraulic flow problem. 

The transfer of heat from the warm.er to the cooler water is produced 

by a mixing action which, if exactly similar in model and prototype� is  

governed by the laws of hydraulic similitude . In salinity studies which 

involve the flow of fresh and salt water, it has been customary to regard 

� .  the scale ratio of densities es l :l . Experiments by the U. S. Waterways 

Experiment Station have shown that the source of error from this procedure 

is negligible as the density flow of salt water with fresh water, · observed 

from models, duplicates the prototype action closely. This is known as a 

conservative concentration which can be altered locally only by the process 

of diffusion and advection. It so happens that heat content in an aqueous 

solution falls under the same category and the action is similar o In both 

cases, however, it is essential that turbulent flow exist in the model to ' 

obtain similar flow conditions with those of the prototype. It can be stated, 

however, that from observation the flow in the model approach�d the �ype 

of turbulent flow desired. 

The average maximum prototype velocity in the river for flow tide 

approximates 2. 0 feet per second ; so the velocity near the shore is about 

1.5  feet per second. The average cross-section of the colored area, 

'projected to prototype, measured normal to the shore line, is  about 

2,250 square feet. The total discharge flowing through the colored area is 

equal to 3,375 second-feet (prototype). · Of this flow, 480 second-feet or 

l4.2  percent enters the river at 80. 2 degrees whil.e 85 0 8  percent of this total 

discharge is river water at a temperature of 63. 8 degrees. With thorough 

mixing, the resulting temperature of these two masses of water should be 66. l3 

degrees or 2 , 33 degrees above the temperature of · the undisturbed river water. 
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A more accurate figure is obtained by repeating the computation and 

deducting the heat loss  to the atmosphere and riverbed a In this case the 

temperature increase above river water temperature, at the pump intake, 

would be 2 . 32 a egrees. Referring to Figure ll, the temperature rise at 

pump intake for the above conditions was found to be 2 . 1  degrees from the 

model. The agreement is within the experimental error expected in a study 

of this kind.. The tests previously described therefore are not merely 

comparative but represent true prototype results, within limits. It is 

felt that the prototype intake temperatures rise as  stated for the various 

designs will not differ more than 25 ·percent from those obtained on the 

model for a:n:y given set of conditions. It should be repeated that the tests 

included herein were maae for the most adverse conditions which can prevail 

at the prototype site. · Whether the extent of heating due to recirculation, 

as indicated by the model tests, is sufficient to be objectionable depends 

on a further st�dy of the plant equipment • 
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FIGURE 10 PATH OF WARM WATER CURRENl'S PRODUCED BY DISCHARGE CONDENSER WATER DURING FLOW TIDE 

ORIGINAL DESIGN - TEST 1 
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FIGURE 13 
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PATH OF WARM WATER CURRENTS PRODUCED BY DISCHARGE CONDENSER WATER 

SPLLT OUTLEJ; CHANNELS - TEST 4 
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