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Among the numerous types of model 
studies performed at the Alden Re
search Labor.atory (ARL), some were 

related to the everyday needs of people - such 
as studies on potable water, sewage treatment 
and the disposal of unwanted flood or rain wa
ter. These studies posed interesting hydraulic 

problems, both in the laboratory and in the 
field. 

Lucite Models 
In 1936, the city of Hartford, Connecticut, had a 
major flooding problem. The Park River, which 
passed through the center of the city, was 
backed up by the high waters of the Connecti
cut River. This back-up caused the serious in
undation of areas of the city that had high real 
estate values. The city's Board of Engineers of 
Rivers and Harbors suggested one solution to 
this back-up problem - building higher walls 
along the Park River. However, the city felt 
that, due to the many large grade changes ne
cessitated by streets crossing the river, this op
tion would be extremely costly and cause too 
much burden on its citizens. The city govern
ment offered its own solution - putting the 
Park River in closed tunnels - and proposed 
paying the difference between the cost of build
ing the tunnels versus the cost of elevating the 
river walls. 
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FIGURE 1. Park River (Hartford, Connecticut) model constructed of Lucite. 

In 1941, ARL was hired to model the tunnels, 
starting at Bushnell Park near the capitol build
ing and ending at the Connecticut River. The 
study included the intake to the tunnels as well 
as the discharge at the river. It was necessary to 
visually observe the flow patterns inside the 
tunnels because of the complexity of the tun
nels. Because of its cost, glass was eliminated as 
the construction material for the model. How
ever, ARL was aware that a clear acrylic mate
rial named Lucite had been developed in 1936. 
After looking at the properties of Lucite, it was 
decided to model the tunnels using this mate
rial (becoming the first model built at ARL us
ing all clear material). 

To construct the model, wooden forms were 
made in the shapes of the various sections of 
the tunnels (see Figure 1). Three- by 4-foot 
sheets of Lucite were then hung in a large insu
lated box and heated to 240°F using a coal-fired 
furnace. After the sheets became flexible, they 
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were draped over the wooden forms, with ev
eryone using cotton gloves to keep the surfaces 
as smooth as possible. Because of the fast-set
ting nature of the glue, all laboratory staff 
helped to assemble the tunnels. When the glue 
failed on the first sections, a new, heavier glue 
with the consistency of molasses was used and 
it was found to be satisfactory. (It is interesting 
to note that today, sixty years later, essentially 
the same technique of building acrylic models 
is still being used at ARL.) 

The tunnels were placed on wooden sup
ports. Since acrylic plastic can expand and con
tract with temperature variations, the model 
was attached only at the upper end and al
lowed to float freely on the supports. 

The success of these model tests allowed the 
building of sections of the tunnel in, basically, 
the Park River channel. By 1974, a total of four 
more tunnel sections had replaced the down
stream portion of the Park River as it passed 



through Hartford, bringing the project to the 
junction of the North and South Branches of the 
Park River. At this point, ARL was asked to per
form another model study. The project modeled 
625 feet of the North Branch, 875 feet of the South 
Branch, 750 feet of the tunnel downstream of the 
junction and 600 feet of an auxiliary conduit that 
drained directly to the Connecticut River. Since 
the auxiliary conduit was lower than the tunnels, 
a drop structure with an air vent was necessary at 
the junction. The model was used to design a 
junction with satisfactory flow distribution and 
minimal head losses. 

City of New Orleans 
Jefferson Parish Flood Control 
Potential flooding was also of concern in New 
Orleans. The city is located between the Missis
sippi River on the south and Lake 
Pontchartrain on the north. Hydraulically, it is 
an interesting city. It is one of only three sites in 
the United States that has a mean land eleva
tion below sea level. Death Valley, California, 
is 282 feet below sea level, the Salton Sea in Cal
ifornia is 236 feet below sea level and New Or
leans is 8 feet below sea level. In addition, the 
city experiences an average annual rainfall of 
58 inches, the largest of any major city in the 
United States. When you consider that the city 
has an area of 58,785 acres, it means that the city 
needs to pump approximately 96.5 billion gal
lons of rainwater a year out of the city as the re
sult of rainfall alone. 

Although New Orleans was settled in 1718 
on the high ground near the Mississippi River, 
it was not until 1893 that city leaders started 
planning systems for drinking water, sewage 
and rainfall disposal. The system designed for 
rain water removal consisted of subsurface 
drains that collect the rain water and discharge 
it into either open or covered canals. The city 
has over 90 miles of covered reinforced con
crete canals ranging from 8 to 28 feet wide, and 
more than 82 miles of open canals ranging from 
6 to 125 feet wide. The capacity of all the pumps 
removing the water from the city is approxi
mately 24 billion gallons per day. The city's 
Pumping Station No. 6 is probably the largest 
drainage pumping station in the world, with a 
seven-pump capacity of approximately 6.5 
billion gallons per day. 

Starting in 1981, ARL conducted studies re
lated to the New Orleans area due to proposed 
expansions of the drainage system by the New 
Orleans Sewage and Water Board and the adja
cent ·Jefferson Parish Department of Public 
Works. Some models involved pumping sta
tion expansions, other models investigated ca
nal junctions and also evaluated increased flow 
conditions in specific canals (see Figures 2 and 
3 on the next page). ARL also investigated the 
redesign of wave protection and silt 
minimization of Bucktown Harbor in Lake 

. Pontchartrain. 
Among others, two pumping stations oper

ated by .the New Orleans Sewage and Water 
Board - the Broad Street Pumping Station and 
Pumping Station No. 6 - were studied. 
Twenty-seven percent of Broad Street Station 
flow was supplied by Melpomene Canal and 
seventy-three percent by the Broad Street Ca
nal. The study of enlarging the Broad Street 
Station by adding two pumps with a combined 
capacity of 1,200 cubic feet per second (cfs) in
cluded modeling both the suction and dis
charge basins. The model indicated the need 
for a number of guide walls in the suction basin 
to improve flow conditions. In addition, th~ 
pump hood of the most westerly pump was ro
tated 90 degrees to improve the performance of 
the two new pumps. 

The study on Pumping Station No. 6 (lo
cated on the Metairie Outfall Canal) examined 
expanding its capacity by 2,160 cfs (from 7,780 
cfs). The flow from the station is conveyed to 
Lake Pontchartrain via the 2-mile-long 
Metairie Canal. The station expansion would 
require that the transition from the station to 
Metairie Canal be widened. Since a single-track 
Southern Railroad trestle was located approxi
mately 70 feet downstream of the station, the 
trestle needed to be lengthened. The Southern 
Railroad also planned to build another parallel 
track, so these factors had to be taken into ac
count in this study. Besides measuring veloci
ties at the pumps, velocities were also mea
sured in the transition area and in the canal 
area to determine the potential for scour. 

Expansion of Pumping Station Nos. 1, 2, 3 
and 4, and various canal improvements in Jef
ferson Parish were also studied at ARL. 
Pumping Station No.l, located on Bonnabel 
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FIGURE 2. Flow in flood control canals in 
New Orleans (model). 

Canal, was to be expanded from a capacity of 
800 cfs to 2,600 or 3,600 cfs, depending on the fi
nal number of pumps to be used. The bridge 
upstream of the station was modified in the 
model using flow deflectors to improve the 
flow distribution into the station. Pumping Sta
tion No. 2 was expanded from four to six 
pumps with the capacity increasing from 1,650 
to 2,950 cfs. Curtain walls and floor cones were 
used with the pumps, and a modified bridge 
configuration was investigated upstream of 
the station. A replacement for Pumping Station 
No. 3, located at the northern end of Elmwood 
Canal near Lake Pontchartrain, would have a 
capacity of 3,400 cfs. Finally, Pumping Station 
No. 4, on Duncan Canal, would increase in ca
pacity from 1,250 to 3,600 or 4,600 cfs. The junc
tion of Duncan Canal with Canal No. 7, includ
ing a bridge near the junction, was also studied. 
For all stations, the pump approach velocities 
and vortexing were recorded and remedied to 
maximize station outflow. 
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FIGURE 3. Flood control canals in New Or
leans (prototype). 

If all the proposed changes were made, the 
total capacity of the four Jefferson Parish 
pumping stations would be 14,550 cfs. This 
amount. represented a significant improve
ment over the 1,760 cfs total capacity in 1926 
and the total capacity of 4,990 in 1970. 

A canal junction for Jefferson Parish was 
also studied. Soniat Canal flows north and dis
charges into Canal No. 3. Two branches of Ca
nal No. 6 discharge into Soniat Canal near the 
Airline Highway Bridge. At this point, Soniat 
Canal takes a northwestern jog, a northeastern 
jog and then a northern return after the bridge. 
The model was used to study the proposed re
alignment of the junction and bridge pier and 
to develop improvements that would maxi
mize flow through this area. 

To increase the capacity of the Broad Street 
Canal, a proposed parallel canal would be 
built, starting where Napoleon and Fontain
bleau canals joined Broad Street Canal. Ap
proximately 600 feet downstream of the junc
tion, General Taylor Canal intersected both 
sides of Broad Street Canal. In the vicinity of 
Washington Street, the two Broad Street canals 
would transition into a double box canal, 
which would continue to Pumping Station No. 
1. This transition had a steep downward slope 
in addition to some curves. 

A model study investigated the reconstruc
tion of the new canal intersections. One of the 
interesting aspects of this study was the pres
ence of hydraulic jumps in the Napoleon and 
Fontainbleau canals at the intersection. At this 
point, an open area between the existing and 



the proposed Broad Street canals was all that 
was required to balance the flow in both canals. 

ARL was hired to model study two intersec
tions, at Palmetto and Hoey canals, that were to 
be affected by the widening of Metairie Canal. 
Two bridges also crossed Metairie Canal near 
the junctions, and the effect of the bridge piers 
on flow and head loss had to be evaluated. Sev
eral different intersection schemes were tested 
to find the minimum head loss at each intersec
tion. A number of proposed bridge pier designs 
were studied to minimize costs and head loss. 
ARL also studied an improvement to the 17th 
Street Canal. The study to quantify head loss in
volved the junction of the 17th Street Canal and 
Hoey Canal, the Hoey Canal and Geisenheimer 
Canal junction, the transition between the By
pass and Upper Protection canals, and the sup
port pier at Airline Highway Bridge. 

ARL also performed two other studies for 
New Orleans. One study evaluated the head 
losses and canal elevations for Palmetto Canal 
crossings between Airline Highway and Eagle 
Street. There were a total of four flow obstruc
tions in this reach of the canal: Airline Highway, 
a railroad crossing, a SO-inch-diameter water 
main and the Eagle Street bridge. Twelve differ
ent modifications were made in the model to 
prevent overtopping. The second model evalu
ated the redesign of the Carrollton A venue Box 
Culvert to accommodate increased flow. 

TT,.e ARL studies for the New Orleans area 
point out the complexity of the city's drainage 
system and how difficult it is to expand it. In
creasing flow ca pact ties at one location necessi
tated changes in other areas, sometimes precip
itating a domino effect. Trying to understand 
such changes without a physical model would 
be almost impossible. 

Sewage Treatment Plants, 
Wastewater Improvement & 
Potable Water Facilities 
Sewage treatment pumping plants sometimes 
have intake problems similar to those of the 
above-mentioned pumping stations. ARL has 
modeled and evaluated a number of these 
pumping facilities, and found that these prob
lems and solutions are similar to any pump in
take structure. Ideally, the flow needs to be uni
form approaching the pumps and no 

detrimental surface or subsurface vortices 
should be allowed. 

A proposed diversion structure in Houston, 
Texas, was modeled. This structure was de
signed to have uncontrolled influent lines of 
84-, 96- and 120-inch diameters and sluice gate 
controlled effluent lines of 78-, 84- and 144-inch 
diameters. The structure, located near the in
tersection of Lockwood Drive and Clinton 
Road, would intercept a portion of the sewage 
normally going to the Northside Wastewater 
Treatment Plant and would divert it to a new 
69th Street Wastewater Treatment Plant. Three 
different flow splits were studied. Since the in
fluent varied from domesticto industrial,mix
ing was required in the diversion structure. 
The model tested the mixing efficiency by us
ing Rhodamine WT dye injected in one of the 
influent lines and measuring the dye, using a 
fluorometer, in all three effluent lines. Dis
charge coefficients for all control gates at the 
entrance to each effluent lines were also deter
mined in the model. 

In addition to the diversion structure model, 
ARL also performed a mathematical transient 
model study for a section of the 69th Street 
Wastewater Treatment Plant. The model simu
lated the flow system from the lift station to the 
first step reactors and included the following 
components: grit chambers, splitter box, feed 
forward line and the connecting channels. The 
objective of the study was to determine the rate 
of change of water elevation in the splitter box 
as the result of changes in the lift pump opera
tion. This information, in addition to the con
trol valve information, would allow automatic 
operation and flow distribution. 

Pump transient studies (mathematical mod
eling) have been conducted by ARL staff for a 
number of years. These studies have mostly 
been applied to transients in power station cir
culating water lines. Other studies have inves
tigated pipe breaks and valve closure times. 

A fluorometer and Rhodamine WT dye were 
also used in the study of a chlorine contact tank. 
Maximum chlorine contact time and no 
shortcircuiting were the objectives of this study. 
Many modifications using walls and baffles 
were tried in the model but, in the final analysis, 
neither the client nor ARL recommended any of 
the modifications used in the model. 
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FIGUij.E 4. Pump manifold for the North Main Pumping Station (Boston Harbor Clean-Up 
Project). 

Shortcircuiting chlorinated water in a circu
lar filtered water reservoir was studied at ARL. 
Both the intake and discharge pipes were lo
cated close to each other on the tank's periph
ery. Without tank baffling, the inflow almost 
went directly to the discharge, thereby mini
mizing the retention time in the reservoir. Since 
the purpose of the tank was to maximize reten
tion time, various baffling schemes were tried 
with success in the model. 

In a study of stacked secondary clarifiers 
for the Deer Island Wastewater Treatment 
Plant for the Boston Massachusetts Harbor 
Clean-Up Project, impact plates with holes 
were used in front of the incoming water jet to 
quickly slow down and uniformly distribute 
the inflow water. The purpose of this study 
was to develop methods to slow down the in
flow in order to precipitate out the remaining 
particles in the water, utilizing the whole 
length of the clarifier. Minimizing re-entrain
ment of sludge as it was scraped into the 
sludge hopper below the entrance flows was 
also of major concern. 
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In another study for the Boston Harbor 
Clean-Up Project, ten pumps were to be r~
placed with higher capacity ones (110 million 
gallons per day at a 140-foot head) without 
changing the existing complex piping config
uration in the approach to the pumps (see 
Figure 4). Because of bends, Tee connections, 
wye and reducers in the suction side mani
folds, undesirable velocity distributions and 
swirl could adversely affect the pumps. 
There were also numerous combinations of 
pump operations that could affect overall 
performance. A 1:12 scale model indicated 
high swirl intensities and nonuniform veloci
ties at the pump suctions. Vanes were deter
mined to reduce the swirl and improve the 
velocity distribution. 

Evaluation of some site-specific equipment 
is sometimes only possible by using a physical 
model. One such model looked at an energy 
dissipating scheme where flow from the plant 
discharged into a long vertical shaft. Mechani
cal methods, as well as a turbine, were modeled 
to dissipate the energy. Methods to minimize 



air bubbles at the discharge from the tunnel 
were studied as part of the project. 

Launders (long perforated pipes used for 
flow distribution) at the Wanaque Water Filtra
tion Plant of the New Jersey District Water Sup
ply Commission were studied for mixing and 
uniform flow distribution. The prototype laun
ders were 100-foot-long pipes made up of 50 feet 
of 24-inch-diameter pipe, followed by 25 feet of 
18-inch-diameter pipe, and ending with 25 feet 
of 14-inch-diameter pipe. The water flows from 
eight of these launders into settling basins 100 
high by 100 wide by 21 feet deep as part of the 
filtering process. In this study, the distribution 
was found to be within acceptable limits and no 
changes to the design were recommended. 

An interesting study related to sewage eval
uated the use of a proposed Shockoe Creek Re
tention Basin for the city of Richmond, Vir
ginia. Diversion structures, which direct 
combined sewage and storm runoff flow to the 
retention basin, were to be installed in existing 
arch and box sewer tunnels. Normal dry 
weather sewage will pass through screens in 
the diversion structures, which remove the 
large debris, and flow directly to the treatment 
plant. In case of rainy weather, when the com
bined sewage and runoff levels nearly reach 
the point when the overflow would go into the 
James River, gates would be activated to con
tain and divert the flow into the proposed re
tention basin. These flows were to be held until 
the rains abated and the sewage and retained 
flows could be treated in the plant. If the capac
ity of the retention basin were reached, the 
gating would be activated to divert combined 
flows to the river. Model design changes were 
made to the initial design to maximize the vol
ume retained in the basin and to keep water el
evations within bounds to prevent the back-up 
of sewage in the incoming lines. 

The problems and solutions associated with 
potable water pump sumps are no different 
than those for any other pump sumps. Filtering 
of potable water is a long-standing art. How
ever, new equipment is always coming onto 
the market. Full-scale studies were conducted 
on a section of an underdrain tile filter to deter
mine pressure and flow variations along the 
laterals during backflushing. With this infor
mation, ARL developed a mathematical model 

to predict the hydraulic performance of laterals 
of various lengths that could be used by the cli
ent in designs. 

This compilation of projects in the area of 
potable water, sewage and drainage represents 
just a small amount of the model testing con
ducted in these areas benefiting clients inter
ested in improving plant or equipment perfor- . 
mance or in making sure a new plant or a new 
piece of equipment would work properly. 

First Wave Study 
The first wave study at ARL was performed in 
1961 for the enlargement of a barge harbor and 
its inlet channel located at Barbers Point on the 
southwestern tip of the island of Oahu in Ha
waii. The basin measured approximately 520 
by 630 feet and had a 220-foot-wide channel 
1,000 feet long. The basin had been carved of 
coralline limestone and had steep slopes of 1 :4. 

The model waves were produced by a 
20-foot-long paddle driven by a variable speed 
motor. The configuration of this wave genera
tor paddle created a large amplitude at the top 
and a smaller amplitude at the bottom to pro
duce an oscillating wave motion. Data on wave 
amplitude were recorded on photographic pa
per using resistance-type gauges in the model. 
These gauges consisted of two 0.125-inch-di
ameter stainless steel rods spaced 0.5 inches 
apart with 0.4 volts potential applied to the 
electrodes. In addition to measuring wave am
plitude, observations of the movement of bot
tom sediment in the basin were made and pho
tographed. The model sediment was a natural 
black bitumen material of coarse sand size 
called Gilsonite (found in Utah and Colorado). 

Approximately 120 tests, including the use of 
breakwaters at the entrance of the channel, were 
made. The best solution to minimizing wave 
heights near the barge wharf was found to be 
the use of "beaches" around the basin. These 
"beaches" were actually slopes of 5:1 carved out 
of the limestone inside the basin, which caused 
the attenuation of the waves entering the basin 
and gave the most stable basin for all possible 
size waves encountered in this area. 

Power Plant Wave Studies 
ARL's second wave study, conducted two 
years later, examined a sea water intake for the 
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FIGURE 5. Pilgrim Nuclear Power Station wave model. 

Palo Seco Steam Plant in Puerto Rico. The test
ing investigated the wave action in an existing 
intake with jetties on both sides comparing var
ious proposed jetty and breakwater designs. 

The same wave generator used in the first 
study was modified for this study. The me
chanical linkages were changed to give 
translational and rotational movement to pro
duce the waves, and a filter was also installed 
in front of the wave generator to smooth out the 
wave shape. Since this was a sea application, 
the wave reflection from the model walls was 
minimized by using stones sloped against each 
model wall. 

Fourteen resistance-type electrodes used in 
the previous study were scattered throughout 
the model. In addition to the same recorder used 
in the previous study, another, more accurate 
recorder was obtained and used in the testing. 

There were two main results from this 
study. For the conditions given to ARL, a new 
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jetty addition was designed that decreased the 
agitation at the intake forebay from 5.6 to 0.80 
feet. This modification was better than any pro
posed breakwater structure. The second result 
was a warning that longer period waves pro
duced high waves in the intake. The report 
strongly suggested that field studies be under
taken to document wave periods at the site. 

As in the past, one study would lead to an
other study concerned with the same plant or 
fluid mechanic phenomena. In 1967, ARL con
ducted a 1 :50 scale thermal discharge model for 
the proposed Pilgrim Nuclear Power Station. 
The station is located on Massachusetts Bay 
and is exposed to ocean storm waves. This 
model basin was available to do wave run-up 
studies when the Nuclear Regulatory Commis
sion (NRC) required maximum probable flood 
(MPF) studies to be conducted to ensure plant 
safety. Building on the experience of the previ
ous two studies, the third wave study exam-



ined the run-up on the buildings at the Pilgrim 
Nuclear Plant (see Figure 5). To be conserva
tive, the model tests were conducted with 
19-foot waves and periods ranging from 8 to 10 
seconds. The same wave generator used in the 
other studies was modified to a length of 49 
feet, and the input power was increased to 
compensate for the increased load. 

Run-up on the reactor buildings was mea
sured using a water-finding paste commonly 
used in the petroleum industry. Prior to the 
test, each building was given a coating of the 
paste. After testing, the areas where water had 
touched the buildings had changed color, and 
these locations and elevations were measured 
and recorded. Under worst conditions, the 
run-up on the buildings did not exceed 6 inches 
(prototype). 

An interesting story evolved from this pro
ject. Coarse riprap was used on the shores near 
the power plant during the model study to 
help dissipate incoming waves. The field con
tract was awarded to a firm new to this type of 
work. In their enthusiasm to do a good job, 
they laid all the stones on the slopes so that all 
of the flat portions of the stones were on top 
and· made a nice flat slope. When ARL was 
shown photographs of the job, they agreed it 
looked very nice but it probably did not do 
very much to dissipate wave energy or reduce 
wave run-up. 

Lake Michigan Wave Studies 
The next two sites for wave studies were on 
Lake Michigan. One of these was for the D.C. 
Cook Nuclear Plant in Bridgman, Michigan. 
Using a number of models, studies were con
ducted to examine: 

• wave-induced loading on the submerged 
offshore intake and discharge structures; 

• discharge jet scour with and without 
wave action and bottom protection 
schemes; 

• the internal hydraulics of the multislotted 
jet discharge structures; and, 

• scour around the cooling water intake 
pipes. 

A 1:75 scale model, originally constructed 
for thermal studies, was used for the scour 

studies. A hardwood sawdust bed was added 
to the model and it was used again to qualita
tively examine scour due to the slotted jet dis
charge (see Figure 6). When it appeared that 
there would be scour problems, a suitable pro
tective bed was developed in a 1:20 scale dis
charge model that was tested in a 4- by 4- by 
40-foot-long flume. This flume had a horizon
tal displacement type wave generator operated 
bya variable speed motor driven piston. Stain
less steel shavings were placed at the .far end of 
the flume to absorb the wave energy and to pre
vent the reflection of the waves from the end 
plate. Wave heights were measured using the 
same two rod resistance-type gauges used in . 
previous studies. 

Dye was used to observe the action of the jet 
discharges. Due to waves, a cyclic up-and
down motion of the jets was observed that 
caused lake bed erosion around the structure. 
After numerous tests, it was found that a mix
ture of 5- to 500-pound stones (prototype) -
with roughly 63 percent of the mixture larger 
than 70 pounds - was needed to prevent 
scouring caused by any size of waves antici
pated in the area. 

The wave flume was also used to investigate 
wave-induced forces on 1:50 scale models of 
the intake and discharge structures. The struc
tures were made so they could be rotated to 
simulate waves approaching from different di
rections. Flush-mounted pressure transducers, 
connected to an amplifier and recorder, were 
installed on the top and bottom of each struc
ture. By slightly varying the period of the 
wave, the waves were made to break at differ
ent positions over the structures. The transduc
ers indicated that a bending moment was cre
ated on the roofs of the submerged structures 
when the waves passed over them. The maxi
mum pressure differential between the top and 
bottom of either structure was determined to 
be 9.5 feet of water. 

The D.C. Cook study also involved an inves
tigation of the discharge structure hydraulics 
using a 1:75 scale model. These tests involved 
measuring the discharge velocity distribution 
and altering the approach piping to make the 
distribution as uniform as possible. 

In the spring of 1973 at the D.C. Cook plant, 
it was discovered that sections of the three 
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FIGURE 6. Lake bottom erosion at discharge structures (D.C. Cook plant study).· 

16-foot~diameter cooling water intake pipes, 
covered with 3 feet of dredged sand and clay, 
had been exposed and some seams and pipe 
bands had failed. In addition, some scouring 
had occurred at the edge of the 5- to 150-pound 
riprap near the intake structures. A 1:60 scale 
model was constructed for this study and in
stalled in the flume mentioned above. The 
flume was modified to include a centrifugal 
pump that allowed the modeling of currents as 
well as waves. Tests were performed using 
polystyrene injection molding material, hard
wood sawdust and sand as bed materials. 

To obtain a better quantitative prediction of 
scour, a 1:25 scale model was tested in an out
door facility using sand as the bed material (see 
Figure 7). The test results indicated that the 
pipe protection scheme should include a 
0.5-foot layer of sand over the pipe, followed 
by filter cloth and a 2-foot layer of 5- to 150-
pound riprap. The models also indicated that 
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further erosion around the intake structures 
would not continue. 

The second site on Lake Michigan for 
which ARL conducted a wave study was the 
J.H. Campbell Electric Generating Station, on 
the eastern shores of the lake near Port Shel
don, Michigan. The plant's owner was pro
posing a plant size increase that would have 
enlarged the condenser cooling water from 
303,000 to as much as 1,060,000 gallons per 
minute. The plant inflow from Lake Michi
gan was through a narrow inlet into a small 
lake called Pigeon Lake. The discharge was 
through a long narrow canal back to Lake 
Michigan. In the new scheme, the discharge 
would be through underground pipes to off
shore structures, and the inlet to Pigeon Lake 
would be enlarged to maintain an average ve
locity of 1 foot per second. This enlargement 
of the inlet would expose Pigeon Lake to a 
more severe wave climate than presently ex-



FIGURE 7. Model study of wave-induced erosion at the D.C. Cook power plant intakes. 

isted and could cause severe shoaling prob
lems in the inlet area. 

After various breakwater studies, a sloping 
rubble-mounded breakwater on the interior of 
the existing caisson jetties was· determined to 
have the most effective wave damping charac~ 
teristics. This design also minimized interfer
ence with navigation and maximized the ease 
of construction. 

Great Lakes Elevation Datum 
In all the studies conducted at ARL on the 
Great Lakes, it was interesting to note that wa
ter depths and lake bottom elevations were re
ferred to the International Great Lakes Datum 
(IGLD) of 1955. The datum zero was estab
lished at Pointe-au-Pere (Father Point), 
Quebec, located approximately 7 miles north
east of Rimouski on the southern shores of the 
St. Lawrence River. This datum was the first 
established as a joint venture between the 
United States and Canada to coordinate hydro
logical information in the more than 
295,000-square-mile Great Lakes-St. Lawrence 
River System. Prior to this, many references 
were used in both countries. In the United 

States, such references were the Plane of 1873, 
changed to Low Water Datum in 1894 (Lake 
Superior), Mean Level 1860-1870 (Lake Erie), 
Mean Lake Level 1860-1875 ( used by all lakes), 
Standard Low Water (adopted 1901), 1903 Da
tum, Improved Planes (adopted 1916), Low 
Water Datum (adopted 1932) and the 1935 Da
tum. 

Because the earth's crust moves with respect 
to sea level and because the rate of movement is 
not uniform throughout the area, the 
U.S.-Canada coordinating committee pro
posed that the datum must be adjusted every 
25 to 35 years. The current datum is called the 
IGLD of 1985 and was implemented in January 
1992. The reference zero of this new datum was 
moved to Rimouski, Quebec, due to deteriora
tion of Pointe-au-Pere. 

Port Engineering 
A multiphase wave study was undertaken in 
1976 for the expansion of the port of 
Champerico, Guatemala. The port's over-100-
year-old steel pile pier is located on the Pacific 
Ocean approximately 25 miles southeast of the 
Mexico-Guatemala border. The Pacific alluvial 
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plane in the vicinity of Champerico extends east 
from the coastline to the Sierra Madre mountain 
range, approximately 31 miles away. Sand and 
mud are carried by many rivers, especially the 
Rio Samala to the east and the Rio Ocosito to the 
west of Champerico, and create bars, deltas and 
shoals in the area. This shoaling material is espe
cially prevalent during the rainy season from 
May to October. 

For a long time, Champerico was unable to be 
directly serviced by large ships. These ships had 
to anchor about 1 mile offshore, and the cargoes 
were transferred to and from the pier with small 
boats (lighters). Needless to say, this method 
was inefficient and sometimes dangerous. 

Three different models were · used in this 
study with four different two-dimensional 
breakwater models tested in the wave flume in 
ARL Building 1. These breakwaters consisted of: 

• a precast gravity concrete caisson with flat 
vertical walls; 

• a cellular steel gravity sheet pile structure; 
• a rubble-mound structure with concrete 

dolosse armor units; and 
• a rubble-mound with stone armor. 

The four schemes were investigated for wave 
overtopping, wave run-up, wave energy trans
mission and induced structural damage. In this 
study, capacitance-type gauges were used to 
measure wave heights. 

A second fixed bed model was used to inves
tigate expected wave height distribution and 
potential shoaling for two preliminary harbor 
concepts. The results obtained in the first 
model were implemented in this test program. 

The third model employed anthracite coal as 
the bed material in a movable bed model (see 
Figure 8). Three different harbor schemes were 
studied to evaluate the stability of the 
near-shore zone, the potential shoaling, the 
maintenance problems of the harbor and chan
nel, and the long-term shoaling on the opera
tional life of the existing pier. 

Based on the hydraulic model tests, soil condi
tions, material handling, construction costs, eco
nomic return on investment and possible future 
expansion, it was possible to devise plans to en
large the Port of Champerico. In addition, the 
model predicted that it would take ten years after 
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construction commenced for.the breakwater en
trance to begin silting in. After that, about 91,500 
cubic yards of material would have to be trapped 
and removed yearly, a manageable task. 

Floating Bridge Failure & 
Forensic Engineering 
The area around Seattle, Washington, contains 
a number of floating bridges. On the night of 
February 13, 1979, a storm with sustained 
winds of 75 miles per hour and gusts of up to 
100 miles per hour caused approximately 4,000 
feet of the 6,600-foot-long Hood Canal floating 
bridge to sink. This bridge, west of Seattle on 
Washington State Route 104 near Port Gamble 
and approximately 43 miles north of the infa
mous Tacoma Narrows (Galloping Gertie) 
Bridge, was mounted on concrete box pon
toons 360 feet long, 50 feet wide and 15 feet 
deep. A 600-foot draw section in the middle of 

. the bridge could be opened for navigation pur
poses. The bridge was held in place by a system 
of prestressed stainless steel cables connected 
to anchors on both sides of the bridge. 

As the result of the accident, the company 
that insured the bridge decided to investigate 
the cause of failure and to review the structural 
design of the bridge. The investigating firm ap
plied mathematical modeling techniques to 
calculate the dynamic loading of wind, waves 
and currents experienced by the bridge and an
chor system during the storm. Because of the 
complexity of these calculations, ARL was 
hired to perform physical hydroelastic studies 
on a 1:60 scale model to verify the mathemati
cal model. 

Complete similitude required that the physi
cal and elastic characteristics of the bridge and 
its anchorages be scaled. The modes of vibration 
that had to be included were roll, heave ( up and 
down), sway (left to right) and surge along the 
longitudinal direction. The wave climate associ
ated with the storm had to be reproduced. The 
wave generator in this study consisted of a mo
tor-driven variable-speed vertical triangular . 
displacement mechanism. Wave heights were 
measured with resistance-type gauges, and 
wave probes were mounted on the bridge to 
measure wave run-up. 

The model bridge was constructed from cel
lulose acetate butyrate, including the pon-



FIGURE 8. The Port of Champerico, Guatemala, coal model. 

toons. This material was chosen to model the 
stiffness of the prototype. The pontoons were 
built of the same 0.060-inch-thick material with 
some internal ribbing. These pontoons were 
tested to be sure that they modeled the proto
type stiffness in heave, sway and torsional 
modes. In addition, the center of gravity, the 
weight and the submergence of the pontoons 
as well as the bridge were modeled. 

The draw span was held in place by gravity to 
simulate its contribution to the total bridge struc
ture. The bridge anchors were modeled by pre
stressed wires that went down to the model to
pography at the same angle as the prototype. 
However, at this point the model contained a set 
of pulleys that brought out the wires to strain 
gauge instrumented cantilevered beams (see Fig
ure 9). These beams were used to obtain the forces 
on the wires during operation of the model. 

Thirty-one channels of data were scanned 
sequentially in less than 3 milliseconds using a 
minicomputer. These channels included four 
wave probes mounted in the basin, eight wave 

probes located near the bridge, one reference 
wave probe and 18 strain gauge anchor force 
measurements from the bridge. These data ver
ified portions of the mathematical model and 
provided the necessary information to con
clude the mathematical analysis. 

Wave height measurement is accomplished 
using a variety of gauges. For the Pilgrim nu- 1 

clear power plant model, a resistance-type 
gauge was used. It consisted of 30 individual 
stainless steel rods in a 2.4-inch-diameter bun
dle so that they created very little wave modifi
cation. The floating bridge project used parallel 
wire resistance-type probes. 

Lake Pontchartrain Wave Studies 
As in other types of studies, wave problems can 
sometimes be addressed using analytical ap
proaches. One such case was the ARL study of 
silting minimization at the Bonnabel Recre
ation Complex in Jefferson Parish, Louisiana. 
The recreation complex was under construc
tion on the southern shore of Lake 
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FIGURE 9. Hood Bridge Canal under wave attack. 

Pontchartrain and was to include a harbor and 
a boat launch area protected by breakwaters. A 
few months after the breakwaters were built, a 
sediment that appeared to be much like coffee 
grounds was discovered accumulating inside 
the marina. These organic-type sediments 
were present in large amounts in the area and 
had caused problems a few years previously at 
a nearby boat launch area. Since the sediments 
were probably put into suspension by waves 
(with deposition in protected zones), several 
breakwater relocation schemes implemented 
there were unsuccessful. 

The sources of the sediment were swamps 
on the western portion of the lake and from a 
pumping station used to dewater low-lying ar
eas south of the lake. The sediment was trans
ported by waves produced during periods of 
sustained high northwesterly winds. 

ARL collected a sample of the sediment and 
proceeded to determine its density, settling 
rate and beginning-of-motion characteristics 
(critical shear stress). The density and settling 
characteristics were measured, and the critical 
shear stress was obtained in a 1-by 1-foot flume 

20 CML ENGINEERING PRACTICE SPRING/SUMMER 2001 

where sediment formed the bottom bed. Anal
ysis of the sediment motion in the area of the 
complex was made considering local wind 
data and hindcast waves, small tidal currents 
due to the Gulf of Mexico and the sediment 
data generated at ARL. 

Two mechanisms were studied as possible 
causes for the sediments to be put into suspen
sion. The first mechanism was the possible in
stability of a two-layer system comprised of the 
top layer of water over a bottom layer of satu
rated grounds causing this layer to behave as a 
fluid. With the passage of surface water waves, 
interfacial waves could cause the saturated 
sediments to go into suspension. The second 
mechanism considered the waves causing a 
sufficient bottom velocity so that the bottom 
shear stress produced by water would entrain 
the "coffee grounds." 

The analysis revealed that large amounts of 
suspended sediments were generated by 
waves and transported to the marina where de
position occurred. The analysis indicated that a 
possible two-stage extension of the harbor en
trance breakwaters would reduce deposition. 



Power Generation 
Using Wave Energy 
In the 1970s and 1980s, when the oil situation 
was causing power anxieties, a number of 
schemes were proposed to generate power by 
the harnessing of wave energy. One such study 
sponsored at ARL involved a submerged pres
sure-sensitive wave power conversion device. 
U.S. Patent 3,353,787 describes the device: 

"[C]omprises generally a plurality of 
elongated tubes, spaced one behind the 
other adjacent to the floor of the ocean near 
the shoreline and parallel to the wave front. 
Each tube has a flexible upper surface, is 
closed at its ends and has a bottom conduit 
leading to a collecting conduit, which in 
turn, leads to a fluid motor. The tubes, con
duit, and motor comprise an essentially 
closed system containing an incompressible 
or hydraulic fluid such as water or oil. As an 
ocean wave passes over each elongated, 
compressible tube, pressure is exerted on 
the flexible surface so as to cause the fluid in 
the closed system to be pushed into the fluid 
motor. The outlet conduit for each tube has a 
valve permitting rapid outflow and slow re
turn flow. Sufficient compressible tubes are 
provided to average the effect of the waves, 
thus producing a substantially smooth flow 
of water into the collecting conduit." 

The study at ARL was a preliminary investi
gation prior to the construction of the prototype. 
The study gathered the following information: 

• approximate operating efficiencies of the 
compressible tube assembly; 

• expected operating efficiencies of a com
plete generating system; and, 

• a general engineering evaluation of the 
submerged-pressure sensitive wave 
power conversion concept. 

The result of the tests on the device indicated 
that its performance could be characterized as a 
function of the ratio of the total area of the outlet 
pipe to the surface area of the membrane. It was 
also suggested that the pressure output would 
be unsuitable for water turbine operation with-

out the use of a pressure intensifier. The report 
on the study also contained an extensive bibli
ography on ocean wave power and conversion. 

While this device depended on subsurface 
pressure variations, other schemes depended 
on variations on the surface profiles of the trav
eling waves. One such device was studied in a 
student project. An inventor had developed an 
anchored fl.oat containing a number of piston 
pumps, along with a series of one-way valved 
lines, that would eventually end at a power
producing device. The piston rods would be 
anchored to the bottom of the seabed, and 
pumping would be by the up-and-down action. 
of the waves and springs inside the piston 
housing. The scheme was found to have little 
practical application at the time. 

Wave Generation 
In all of the ARL wave studies, three different 
but traditional methods of generating waves 
were utilized. Another method was contem
plated and preliminary investigations were 
made. This method consisted of displacing wa
ter using air. In the testing, a short 8-foot sec
tion of a tunnel model was capped at each end. 
Eight slits, approximately 2 inches high and 11 
inches long, were cut on the bottom side of the 
tunnel, and a 2-inch-diameter pipe was welded 
to the top of the tunnel to admit air. The opera
tion of the wave generator consisted of admit
ting compressed air at the top of the tunnel, 
forcing water out the slits and then venting the 
air out from the top. The wave amplitude could 
be changed by varying the amount of air 
pumped into the top of the tunnel, while the 
period was controlled by changing the rate at 
which the air was pumped in and vented. Un
fortunately, time to do the testing on the model 
where this system was being developed pre
cluded finalizing the system details and an ex
isting wave generator was used. 

Unique Projects 
Not counting the scores of field tests, the many 
student theses that started in the 1920s, the nu
merous student projects, many thousands of 
fluid meter calibrations and the uncountable 
consulting projects, it is estimated that ARL 
conducted about 1,100 physical hydraulic 
model studies during its first century. To this 

CML ENGINEERING PRACTICE SPRING/SUMMER 2001 21 



FIGURE 10. Cabin Creek ice model. 

number must also be added many analytical 
studies. Some of these models were one-of-a
kind or could not be categorized. However, the 
uniqueness of these models makes it necessary 
to include some discussion of them. 

Ice Studies 
Four ice-related studies have been conducted 
at ARL over the years. Three of them - Cabin 
Creek, Blenhein-Gilboa and Davis - were up
per reservoir studies in pumped storage 
schemes. In these three, the ice study was just a 
small portion of the investigation to obtain in
formation to prevent ice jams in the upper res
ervoir intake during the generation mode. Par
affin was used to simulate ice. For the Cabin 
Creek study, hot paraffin was poured on the 
model water surface and allowed to cool (see 
Figure 10). The model was then cycled to simu
late the pumping-generating cycle on the up
per reservoir. Unfortunately, during the first 
tests, the paraffin did not crack up like real ice. 
For subsequent runs, the paraffin was scored in 
hope that it would break up. However, this so
lution also did not work, so the paraffin was 
broken up manually and scattered in the reser
voir. Small pieces of paraffin were also used in 
the other two studies. 

The fourth model study was specifically in
tended to investigate ice pile-up in front of 
New York Power Authority's tunnel intakes on 
the Niagara River. The very large model cre
ated for this study had three channels feeding 
into the main Niagara River channel upstream 
of the intake structure. Two of the channels, 
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Tonawanda and Little West, were located on 
either side of Grand Island. The third channel 
represented the Chippawa Channel, and was 
located between Navy Island and the Cana
dian shore. The model ended downstream of 
the International Control Structure. 

The objective of this model study was to un
derstand how ice jams formed in the area of the 
intakes and to minimize the formation of ice 
dams in the river that cause flooding in the city 
of Buffalo. The ice enters the river from Lake 
Erie. For certain wind conditions, the water ele-: 
vation at the head of the river can be 10 feet 
higher than normal, causing a large ice-carry
ing flow to go down the river. 

One of the most difficult parts of the study 
was to find a material that would simulate ice. 
Different plastics were investigated and some 
were found to have the proper density but not 
the proper internal friction of ice. Finally, after 
meeting with personnel of a plastic recycling 
plant and running various crushing tests on 
plastics, a polypropylene with the same spe
cific gravity as ice (0.92) and the same internal 
friction was chosen. Use of this crushed mate
rial is unique in hydraulic scale modeling. The 
very large size of the model and the use of 15.4 
tons of the "ice" make this the largest model of 
its type ever built. 

Now the problem became one of calibrating, 
operating and putting ice into this large model. 
After field velocity data had been obtained us
ing drogues and the global positioning system 
(GPS), it was decided to divide each of the three 
incoming channels into ten sections across the 
width of each channel. The flow into each por
tion of the channels was fed from a pipe coming 
from a head tank. This head tank was unique 
since it served many functions (see Figure 11). 
All of the water and plastic ice used in the 
model were pumped into the tank after it had 
reached the downstream end of the model. In 
the tank, the ice was separated from the water 
and floated up to the surface in one portion of 
the tank. The water flowed into separate tanks 
over three weirs, representing the three river 
channels. Ten adjustable weirs leading to the 
pipes feeding the model were installed in each 
of the three tank sections. The ice was fed into 
the water downstream of the individual weirs. 
A variable-speed rotating scoop, which could 



FIGURE 11. Ice feed mechanism for the Niagara River study. 

also be raised or lowered, would pick up the ice 
and drop it into the flowing water. The scoop 
system was calibrated so that adjustment of ro
tational speed and depth of the scoop would 
supply a known volume of ice. 

Novel instrumentation used for this model 
included a paddle-wheel-type ice velocity and 
direction measuring meter. Ice depth was ob
tained by using a vertically traversing rod con
taining light-sensing instrumentation. As cus
tomary for later-day models, all of the data 
were processed by computer and the results 
were available either on-screen or as hard copy. 

Rippling Water & Kayak Raceway 
In 1974, ARL studied a channel in South Bend, 
Indiana, on the west side of the St.Joseph River 
between a future development area to be called 
Century Center and Grand Park. The gradually 
sloping channel was part of an abandoned 
power site, and the city wished to convert it 
into an aesthetically pleasing part of the greater 

park area. The concept was to provide rippling 
water descending the channel that could be il
luminated at night with colored lights. 

The laboratory was given the task to design 
a series of blocks or steps that would create the 
illusion of a large rippling brook. For construc
tion purposes, there should be some symmetry 
to the design but, when viewed, the flow and 
ripples must appear random. 

A full-scale model of a section of the sloping 
channel was built in the basement of ARL 
Building 2. A repeating series of three rows of 
blocks, similar to baffle blocks in a spillway, 
were used to achieve the desired results. A 
spotlight with a rotating color wheel in front 
(normally used with Christmas trees) was used 
to illuminate the rippling water. When viewed 
by standing around the model or on steplad
ders, one got the impression of randomly rip
pling water as was required. 

In 1980, ARL studied the proposed East Race 
Park Waterway at the same site on the east side 
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FIGURE 12. St. Joseph River kayak raceway model with flow (left) and without flow (right). 

of the St. Joseph River. This development 
would serve as an aesthetically pleasing water 
passage for passive recreation, a competitive 
whitewater race course, a fishway and a recre
ational waterway for canoeing, inner tubing, 
kayaking and rafting. 

One of the first pieces of information supplied 
to ARL was an aerial photograph of the site. The 
photograph clearly showed the bend in the river 
where the proposed waterway was to be built, 
including other pertinent surrounding areas. But 
when someone looked on the west side of the 
river, there was the symmetrical "random rip
pling" waterway that was designed six years ear
lier. From ground level, the water flow appeared 
random, but from airplane heights, you could 
easily discern a symmetrical pattern. 

The proposed east bank channel would be 
approximately 1,900 feet long, starting at a 
structure with four control gates upstream of 
the dam and ending downstream of the river 
bend. One of the gates would be permanently 
blocked off. The other three gates would be 
hinged at the bottom so that when they were 
fully down, they would create a smooth floor. 
Part of the study was to rate the gates. 

Because steelhead trout and salmon fisher
ies had been extended up the St. Joseph River, 
the channel also served as a fishway for up-
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stream migration during the months of Sep
tember and October. During those two months, 
the channel would be limited to fishway use 
only. At that time, 13 baffles with a 1-foot drop 
in water elevation would be installed by crane 
in the channel. Each of the baffles would be in
stalled in four H-piles installed in sockets in the 
floor of the channel. After the fish run, the baf
fles could be easily removed and the channel 
could revert to recreational purposes. 

It was anticipated that the kayak raceway 
would operate during March, April, May and 
June (see Figure 12). It would utilize up to 40 
obstructions, held to the channel floor contain
ing a grid of anchors. In addition to the obstruc
tions, there would be a series of 25 to 30 race 
course gates. (A gate consisted of two poles 
suspended above the water surface through 
which a competitor must pass.) A kayak race
way consultant was hired to evaluate and 
make recommendations regarding the course. 
Since the model was built on a 1:12 scale, the 
consultant was unsure of the relationship be
tween the model velocities and those in the 
prototype. To resolve the problem, moving pic
tures of a model kayak were taken at different 
locations in the course. These movies were then 
played back at 3.5 times the speed, represent
ing prototype velocities. 



FIGURE 13. Submerged hollow-cone valves. 

During operation of the recreational chan
nel for canoeing and innertubing, a low flow 
rate of 100 to 200 cfs would be used with stop 
logs to produce an interesting and safe ride. 
Another aspect of this multifaceted project 
was the measurement of velocities at the chan
nel discharge into the river. These data were 
used to evaluate the potential for scour in the 
river bed. 

Dam Rollers 
While South Bend was looking for rough water 
for its kayak raceway, some rough water was 
creating serious problems elsewhere. In one 
case, a low dam, where water overflowed, was 
being used by canoeists in spite of danger 
warnings posted upstream. People were also 
walking across the slippery surface of the dam. 
Under certain flow conditions, a plunging 
nappe along the downstream face of the dam 
created a recirculating roller. People who 
might get caught in this roller due to slipping 
on the dam or overturned canoes would be in 
jeopardy of losing their lives, 

Model canoes and model debris were video
taped to study the action of the rollers. These 
videos were used to evaluate various schemes 
and modifications. By using a step- type con
figuration on the basin downstream of the 
dam, the dangerous rollers were eliminated. 

Flow-Induced Vibrations 
A 1978projectstudiedflow-induced vibrations 
of 54-inch-diameter submerged hollow-cone 
valves installed at the Dariush Kabir Dam (part 
of the Doroodzan multipurpose project located 
near Marve Dasht, Iran). These valves, which 
had been built for flood control and irrigation 
purposes, had experienced mounting failures 
during their first six years of operation. 

The problem was studied with a 1:10 instru
mented scale model. Two valves were used in 
the study. The valves were fabricated in a man
ner similar to the prototype, using the manu
facturer's drawings. One of the valves was in
strumented with four pairs of semiconductor 
strain gauges, two accelerometers and a pres
sure transducer. One of the pair of strain 
gauges measured the bending force acting on 
the barrel of the valve, while the other strain 
gauge compensated for temperature changes. 
The accelerometers were mounted on the cone 
of the valve to obtain the horizontal and verti
cal components of the cone acceleration. The 
pressure transducer .was used to measure the 
pressure fluctuations in the wake of the jet 
emerging from the cone. 

The tests indicated that forces and accelera
tions on the submerged valves were as much as 
four to five times higher than if operated in air, 
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which is the normal arrangement. The original 
air-induction system was inadequate. A coni
cal shroud air inducer was designed to reduce 
the forces and accelerations (see Figure 13). The 
model test findings also confirmed that the 
fluid excitation was not near the natural fre
quency of the valve vanes that had caused vane 
failures in other similar valves, which is why 
the prototype vanes had not experienced fail
ures. The valves were effectively vibrating as a 
cantilever beam. 

Flow Through Porous 
Gravel Structures 
In 1976, ARL studied head loss in porous 
gravel structures being contemplated for use as 
water intake screening structures. Such struc
tures, it was felt, would have less environmen
tal impact and could contribute to the fisheries 
of New England. 

Three different sizes of stones with mean di
ameters of 1.79, 4.9 and 10.1 inches were stud
ied in rectangular gabion structures and in 
1.5:1 trapezoidal configurations. These studies 
were carried out in an 8-foot-wide by 
6-foot-deep and 60-foot-long glass-sided chan
nel. The stone sizes and flow rates used for this 
study produced higher Reynolds numbers 
than previous investigators had achieved. 

The conclusions drawn from this study 
were: 

• the friction factor for turbulent flow de
pended primarily on the stone angularity 
and secondarily on the porosity of the 
sample; 

• the shape of the dike is not important if the · 
effective flow length could be adequately 
described; 

• excessive head loss or flow velocity 
caused slumping of the dike material; 
and, 

• the velocity distribution at the down
stream face was highly irregular due to lo
cal variations in porosity. 

In the long run, these types of intake struc
tures were not built due to the inability to pre
vent or remove crustacean build-up and the in
ability to remove seaweed or other weeds that 
would get intertwined in the stones. 
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Chemical Vessels & 
Bubble Diffusers 
On two occasions ARL studied large vessels 
used in the chemical industry. One vessel was a 
bubble reactor and the other was a decanter. 

The bubble reactor study was performed 
with a 1:2.3 scale model of a 13.7-foot-diameter 
vertical tank designed to generate a chemical 
reaction between a gas and a liquid. The objec
tive of the study was to achieve an even flow 
and gas distribution across the cross section of 
the vessel as soon as possible to ensure maxi
mum use of the reactor vessel. For the purpose 
of the study, only the lower portion of the ves
sel was modeled using clear acrylic plastic. 

The vessel had a hemispherical bottom with 
two feed lines into the bottom. An 8-inch injec
tor nozzle located 100 inches above the vessel 
bottom discharged 7.9 cfs of liquid and 1.6 cfs 
of gas vertically upwards. A deflector plate 
forced the flow out horizontally in the vessel. 
The other inflow came from a 15-inch-diameter 
downcomer line directing 16.2 cfs of liquid 
down the side of the vessel in the area of the 
bottom hemispherical section. 

The original design was modified in many 
different ways. First, the injector nozzle was 
changed by rounding the exit. Next, the injector 
line was fitted with static mixers (a fixed tab or 
other device that produces turbulence) to obtain 
better mixing of the gas and liquid. Holes were 
drilled in the injector deflector plate to provide 
more uniform distribution of flow in the center 
of the vessel. An annular baffle was also re
quired to force the flow away from the wall. 

The downcomer flow deflected off the hemi~ 
spherical bottom and flowed up the opposite 
wall. To remedy this situation, a baffle was in
stalled at the bottom of the tank. To keep small 
particles in suspension, the baffle was mounted 
about 1 inch above the bottom. When tilted 10 
degrees vertically away from the downcomer, a 
more uniform distribution was achieved. 

The second test was on a horizontal de
canter that was 53 feet long and 15 feet in di
ameter with rounded end caps. The model 
was built of clear PMMA plastic to a scale of 
1:5. The objective of the decanter was to sepa
rate two essentially immiscible liquids. The 
liquids entered the decanter through a hori-



FIGURE 14. Study on the oxygen transfer rates for bubble diffusers. 

zontal 8-inch-diameter line located 3.5 feet 
above the centerline, and through an 
18-inch-diameter vertical line entering the 
top of the vessel. The flow from the 18-inch 
line was deflected toward the end cap by 
means of a baffle. The inflows also could con
tain small amounts of gas. A calming baffle, 
with an off-center 6-foot-diameter hole and 
an opening at the top to allow gas to pass and 
a small opening at the bottom to pass settled 
liquid, was located approximately 6 feet from 
the inlet end of the vessel. 

The decanter had three outlets. One 
8-inch-diameter vapor outlet was located at the 
top of the decanter. At the far end of the de
canter, a 14-inch-diameter outlet took out the 
lighter liquids at the bottom of the decanter. 
Approximately 10 feet upstream of this outlet, 
an 8-inch-diameter pipe (also located on the 
bottom) removed the heavy liquid. An over
flow baffle, used to separate the heavier from 
the lighter fluids, was located just downstream 
of this pipe. 

The 18-inch-diameter inlet pipe was found 
ineffective in separating the gaseous compo-

nent. A redesign of the discharge of this inlet 
consisted of a 36-inch-diameter, 24-inch-high 
basket with 2.5-inch-diameter holes drilled 
around the circumference. The basket was 
filled with plastic packing-type material. The 
new design reduced the penetration of the gas
eous portion of the flow into the decanter. The 
single-hole calming baffle was ineffective in 
producing good flow distribution. A perfo
rated-plate calming baffle was found more ef
fective, as indicated by hot wire anemometer 
traverses. A perforated pipe extending 7.5 feet 
below the top of the vessel was added to the 
outlet pipe at the top of the vessel to remove the 
gaseous phase of the inflow, which allowed 
gases that were still in the liquid ( as well as sep
arated gas) to be removed. 

In a study that has application in the 
wastewater, pulp-paper and chemical indus
tries, the performance of cylindrical fine bub
ble diffusers was studied (see Figure 14). 
Proper design of re-aeration systems using fine 
bubble diffusers requires a detailed knowledge 
of the oxygen transfer performance for individ
ual diffuser units. The parameters investigated 

CIVIL ENGINEERING PRACTICE SPRING/SUMMER 2001 27 



with 12- and 24-inch diffusers were oxygen 
transfer efficiency, influence of tank depth and 
head loss flow characteristics. 

House Roof Shingles 
ARL performed testing on house roof shingles 
in 1984. Forty 4- by 4-foot panels containing dif
ferent full-sized roof shingles of different con
figurations were tested in wind conditions of up 
to 110 miles per-hour and temperatures ranging 
from 30 to 40°F. The study determined the mini
mum wind speed that would lift the shingle 
edges. The wind speed that would blow the 
shingles off the panel was also obtained. 
Gusting wind studies were also performed. 

A 75-horsepower blower was used to supply 
the wind. A transition section was constructed to 
go from the blower to the test section. This transi
tion was designed to pJ.'.ovide uniform velocity 
distribution at the entrance to the test section. It 
also incorporated vanes that could b.e varied to 
change the thickness of the exit flow. The thick
ness of the flow for most of the testing was 15 
inches. The test section incorporated a clear 
viewing window used to observe · the perfor
mance of the shingles and to videotape the tests. 

Much information was gathered about the 
performance of shingles in cold weather. The 
client was pleased with the results, but the pro
ject was not overly popular with the techni
cians who spent numerous cold hours running 
the tests and sipping many cups of coffee to 
keep warm. 

Pump Testing Facility 
In 1960, a pump manufacturer gave its testing 
equipment to ARL. The facility included a large 
closed cycle tank for testing vertical pumps up 
to 100 horsepower. These pumps were driven 
by a cradled direct current variable speed mo
tor, which was also used as a dynamometer. 
The tank was modified at ARL to obtain better 
approach conditions to the pump and to install 
a calibrated Venturi meter for measuring flow. 
A SO-horsepower cradled motor for testing 
centrifugal pumps was also part of the equip
ment obtained by ARL. All of the equipment 
was used to perform efficiency tests on pumps 
and to do experimental work on pump impel
lers for various applications. However, be
cause of the need for space and relatively little 
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current use, ARL dismantled the pump testing 
facility about 1980. 

In 1983, comparison performance tests were 
conducted using a different facility on five cen
trifugal pumps from different manufacturers. 
All pumps had 3-inch inlets and 1.5-inch out
lets. Testing was conducted according to Hy
draulic Institute Standards. Similar compara
tive testing on eleven 0.5-horsepower and three 
1-horsepower submersible centrifugal pumps 
from different manufacturers was performed 
in 1992. In this case, the brake horsepower was 
obtained by measuring the electrical input to 
the motor and obtaining the brake horsepower 
from the calibration of the electrical motor. 

It is interesting to note that while the instru
mentation was more sophisticated, this type of 
testing was similar to what C.M. Allen did 
some 70 years earlier on small turbines at ARL 
and in the field. 

Static Mixers 
Static mixers are fixed additions to the inside of a 
pipe or tunnel and are used to mix two fluids in a 
relatively short section. The additions could be 
welded tabs or a series of twisted flat plates that 
force the flow to rotate first one way then the 
other as it flows down the pipe. A number of tests 
on such devices were conducted in the late 1980s 
andearly1990s. Thesetestswereperformed with 
various main line flows and sparger flows (a de
vice that produces mixing). In all cases, the addi
tional flow through the sparger was tagged with 
Rhodamine WT dye. At a location downstream 
of the mixer, grab samples were taken from equal 
sub-areas of the cross section. These samples 
were analyzed using a fluorometer to determine 
mixing efficiency. A static mixer proposed for the 
West Point Treatment Plant in Seattle, Washing
ton, was tested in a scale model, including the 
tunnel geometry. After the plant was completed, 
field tests of the full-scale installation using simi
lar test techniques were undertaken that substan
tiated the model results. 

A Tunnel Inside a Tunnel 
In 1987, ARL studied a proposal to put a 
78-inch-diameter penstock inside a 196-inch-di
ameter flood control tunnel to send water to the 
Bloomington Lake hydroelectric plant located 
on the North Branch of the Potomac River near 



Westernport, Maryland. The Bloomington Lake 
Outlet Works consisted of a free-standing intake 
tower in the reservoir, a 1,885-foot-long con
crete-lined flood control tunnel, a stilling basin 
and a discharge channel. The intake tower con
tained a low-flow release system and a flood-flow 
release system. The low-flow release system was 
designed to maintain the water quality of the re
leased water by mixing water from five different 
control-gated water elevations, ranging from 
1,342 to 1,449 feet, discharging into two wet wells. 
A complicated transition brought the flow from 
the wet wells to the flood release tunnel. 

The planned hydroelectric plant would use 
water from the low-flow release system to sup
ply the penstock pipe suspended from the top of 
the flood release tunnel. The already compli
cated transition from the wet wells would be 
further complicated when modified to release 
flow into the power tunnel. In addition, there 
were time constraints for the construction of the 
modified transition to limit flow interruption. 

One series of tests involved obtaining losses 
and coefficients from the intake structure to the 
power tunnel. Piezometers on the tunnel were 
linked to electronic differential pressure trans
ducers interrogated by a personal-com
puter-based data acquisition system. From 
these data, a mathematical model developed 
rating curves for the system's operation. These 
curves took into account factors such as density 
variations, trash racks, etc., that had not been 
physically modeled. 

Since the water from the low-flow release 
was to be used for power production, it was im
portant that swirl, and especially air entrain
ment, from the wet wells be eliminated. This 
problem was studied in the intake model using 
vortex suppressors to remedy the problem. At 
the same time, tests were made to look at exist
ing vibrations, possibly caused by the compli
cated nature of the flow in the wet wells. 

Another concern about the project was slug 
flow (unsteady flow of large quantities of air and 
water) in the flood release tunnel during filling 
and draining operations. Slug flow may produce 
the violent expulsion of entrained air from the 
tunnel, causing adverse unsteady flow and pres
sures in the tunnel. The model was used to iden-

' tify these slug flow conditions so that operation 
at these conditions could be minimized. 

Finally, near the end of the flood release tun
nel, the power tunnel had a wye-type configu
ration with one branch exiting the flood release 
tunnel to go to the powerhouse. The other 
branch went to a cone valve that sprayed the 
low-flow release flows that exceeded the pow
erhouse demand into the stilling basin. The 
complete operation of the stilling basin (includ
ing the flood discharge), the powerhouse dis
charge and the spray from the cone valve were 
also investigated in this study. 

Another ARL study using the same power 
tunnel inside a flood-flow tunnel scheme was 
undertaken for the Gathright Dam located on 
Moomaw Lake, 10 miles north of Covington, 
Virginia. Many similar tests were conducted, 
including force measurements to assist in the 
tunnel design during the wide range of free 
surface and pressurized flow conditions, in
cluding slug flow. 

The forces exerted by the flows on the power 
tunnel were measured in the model by installing 
a short length of tunnel containing a three-com
ponent force transducer. Forces were measured 
at different locations along the tunnel using dif
ferent flow rates, ranging from a low flow just · 
splashing on the bottom of the power tunnel to 
those that completely filled the flood tunnel. 

Field Flow Measurements 
Flow measurement - particularly with re
spect to pump and turbine efficiency tests -
has been an ongoing activity at ARL for almost 
100 years. After the introduction of the salt ve
locity method in 1921, over 400 field tests using 
this technique were performed by ARL staff, 
with the last of these tests being conducted on 
the Windy Gap Pump Station on the Colorado 
River in 1985 using a computer-based data ac'
quisition system. The last of these tests was 
performed in 1965. However, the majority of 
salt velocity tests were conducted prior to the 
mid 1950s. As pLmt sizes increased, the use of 
the method became very expensive. Addi
tionally, the. costs of actually running the tests, 
shutting down a plant to install and remove the 
pop valves and electrodes meant an additional 
loss of income to plant owners. Then there was 
always the potential for accidental damage to 
the turbine if parts of the pop valves or elec
trodes were to break and be carried through the 
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FIGURE 15. The tracer dye dilution flow measurement method. 

turbine (which happened only once in all of the 
tests conducted and, luckily, the turbine suf
fered only a small nick on one of the blades). 

The decline of the salt velocity method did not 
mean that the need for turbine and pump testing 
in the field had declined. Other methods were be
ing proposed and used to obtain flow rates, some 
of which yielded questionable results. 

· Tracer (Dye) Dilution Method 
Field Testing 
In 1975, ARL was hired to measure the effi
ciency of the two axial flow circulating water 
pumps for the Brayton Point Station in 
Swansea, Massachusetts. After reviewing the 
system, it was decided to perform the tests us
ing the dye dilution method for measuring the 
flow. With numerous refinements since then, 
the dye dilution method is now, in most cases, 
ARL's preferred technique to measure turbine 
or pump flows to an accuracy of ±2 percent. 

The dye dilution method of flow measure
ment (later called the tracer dilution method), 
like the salt velocity method, is conceptually 
very simple (see Figure 15). Dye of a known 
concentration is injected at a known constant 
rate into the flow being measured. Down
stream of the injection point, at a location 
where this dye is completely mixed with the 
flow being measured, a sample of the mixed 
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flow is taken and its concentration is measured. 
By using the conservation of dye principle, the 
unknown flow rate is obtained. 

As simple as this may sound, small (and 
sometimes intricate) refinements contribute to 
the accurate determination of flow -
especially true for all methods of measuring 
flow in large pipes. One of the advantages of 
the dye dilution method over the salt velocity 
method is that it requires no equipment inter
nal to the pipe. The other major advantage is 
that only a little dye is needed for any study 
since the measuring instrument - the 
fluorometer - can accurately detect parts per 
billion of the dye. Other advantages include no 

· interruption of plant operation, numerous data 
points can be quickly obtained and repeated if 
necessary, and the dye can be injected at conve
nient points as long as sufficient mixing occurs. 

For the Brayton Point tests, Rhcidamine WT 
was injected at the bell mouth of the vertical 
pumps using a metering pump, and the injec
tion flow rate measured using a graduated bu
rette and calibrated electric timer. After the 
flow had gone through a series of elbows, a 
sample of the completely mixed flow was taken 
inside the plant, some distance downstream of 
the pump. A fluorometer was used to obtain 
the concentration of dye in both the sample and 
the injection flow. 



The tests indicated a 16 percent loss com
pared to design conditions. The plant's owner 
ordered a shutdown and inspection of the sys
tem. Pieces of styrofoam cups were found block
ing a sizable number of condenser tubes, 
thereby reducing the flow and increasing the 
system's head loss. These cups were the remains 
of coffee breaks taken near the spray cooling ca
nals by the many construction workers still on 
the site. After the system was cleaned, a repeat 
test indicated that the pumps were within 2 per
cent of their designed flow. In later years, tracer 
dilution tests have been conducted on four ad
ditional units at Brayton Point to assess circulat
ing water pump performance. 

The start of the modern tracer dilution field 
tests at ARL began in 1984. At this time, ARL 
acquired a more refined fluorometer and had 
run a number of laboratory tests on the effects 
of fluorometer filters and the temperatures in 
various parts of the fluorometer with regard 
to the accurate determination of the sample 

· concentration. This fl uorometer was modified 
so that its outputs could be inputted directly 
into a personal computer. In the original tests 
in 1975, grab samples were taken in the field 
and analyzed at ARL. Presently, the mixed 
sample flows continuously through the in
strument. After a multiple point calibration 
curve is determined and input into a personal 
computer, concentration data for the flow 
sampled from the conduit can be recorded 
continuously and analyzed in real time. Once 
the concentrations achieve a steady state, the 
data can be averaged and recorded. 

The tracer dilution technique has been used 
for many different applications. In a natural 
gas liquefaction plant in Bethouia, Algeria, the 
flow rates in the condenser cooling lines were 
measured and ~ompared to the plant's in
stalled flowmeters. In a number of fossil and 
nuclear plants in the United States, checks on 
the circulating water pump rating curves were 
conducted using tracer dilution. Turbine effi
ciency tests were performed using the method 
to measure flow. In many of these tests, the taps 
on the scroll case were calibrated at the same 
time to provide a means for the utility to mea
sure the flow rate at any future date. 

In one pump storage project, the pump por
tion of the machine was tested while simulta-

neously calibrating a recently installed ultra
sonic flowmeter. At the Northfield Pump 
Storage Project in western Massachusetts, both 
the pumping and generating modes were tested 
and an ultrasonic flowmeter was calibrated. For 
the Dietrich Drop Hydroelectric Station located 
on an irrigation canal in the desert of Idaho, the 
efficiency of the turbine was obtained, the taps 
were calibrated and flow capacity was deter
mined. ARL' s measurements were commis
sioned by the turbine manufacturer; however, 
the skeptical plant owner employed the area ve
locity method in the canal upstream of the sta
tion using a single current meter that verified 
the tracer measurements. 

Tests at the Susquehanna Steam Electric Sta
tion in Pennsylvania evaluated the performance 
of eight pumps in the plant's Engineered Safe
guards Service Water System and calibrated the 
various inline orifice metering sections. Another 
series of tests were performed at the same plant 
to measure the circulating water flow to assist in 
evaluating the cooling tower performance. 

Of interest were tracer dilution tests con-
. ducted during 1984 in the grinder room of a 
paper mill in Millinocket, Maine. In 1917, C.M. 
Allen had used velocity-integration tech
niques to measure flow and to determine the 
efficiency of the same units. 

In a 1992 pump study in Arizona, a dye injec
tion manifold was mounted at the trash- racks 
and the "flow-through" sampling mode was 
used to obtain the flow in a 54-inch pump. This 
study also involved the investigation of vibra
tion problems in the pump. Three different 
types of instrumentation were used to evaluate 
potential causes of the vibrations. Two quartz 
accelerometers, one perpendicular and one par
allel to the intake flow, were mounted on the 
pump bell housing. Hydrophones were in
stalled in the flow to measure pump noises. The 
third instrumentation was a video camera 
mounted on a sump back wall that was aimed at 
the water area surrounding the pump. Air re
lease at the bottom of the sump aided visualiza- • 
tion of the vortex activity in the sump. All the ac
celerometers and hydrophone outputs were 
recorded by a personal-computer-based data 
acquisition and analysis system. 

The tracer dilution method of flow measure
ment can be used in a multitude of applica-
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tions, providing that the dye completely mixes 
with the flow. Most applications involve 
pumps or turbines where the water quality is 
reasonably high, all of the inflows are identi
fied and the flow is very steady. These condi
tions do not have to be true if special care is 
taken in calibration and field procedures. In 
1988, a study of eleven sites on the city of 
Boston's High Level Sewer System was used to 
calibrate new flowmeters. These meters were 
of the ultrasonic type that measured the depth 
of flow (sewage) in the sewer line in addition to 
the velocity of flow. From these two measure
ments and the relationship of the depth to the 
area, the flow rate was obtained. The tests were· 
interesting in their execution. Injection and 
sampling stations were set up in the field, 
sometimes at manholes in the center of busy 
Boston suburban streets. The staff's concentra
tion, unlike for most testing operations, had to 
be divided between properly performing the 
tests and dodging a multitude of "good" Mas
sachusetts drivers. Additionally, upstream of 
some meters (but downstream of the dye injec
tion point) inflow laterals were suspected that 
could influence mixing and accuracy. The ef
fects of pH and suspended solids were also 
considered. 

Some field tests were conducted at sites 
where ARL had performed model studies to 
evaluate hydraulic features of the project. One 
such facility was the Blenheim-Gilboa 
Pump-Storage Plant in New York. In 1988, 
tracer dilution tests were conducted in the 
pumping mode to determine the head-flow re
lationship and the efficiency relationship for 
the plant's Unit No. 4. A manifold covering the 
total area of the trashrack was used to inject the 
dye and to obtain maximum mixing of the dye 
in the shortest possible time. Mixing was 
achieved by the flow through the trashrack and 
by the flow through the pump. To ensure that 
mixing was complete, samples were taken 
from the various piezometers around the pipe 
prior to the actual test and were analyzed to be 
sure that the readings were all identical.. 

Pressure-Time Method Field Testing 
The dye dilution method depends on the com
plete mixing of the dye between the injection and 
sampling point. If the mixing is not complete, 
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other measurement techniques must be used to 
determine the plant flow in the efficiency equa
tion. Two alternatives are the pressure-time 
method and the velocity-area method. 

For the Blenheim-Gilboa Plant in 1988, 
dye-dilution could not be used for turbine effi
ciency testing because of insufficient mixing. 
However, the penstock had been equipped 
with multiple piezometers at two different lo
cations. This configuration was amenable to 
the use of another method for measuring flow 
in large pipes, the pressure-time method, origi
nally called the Gibson method after its inven
tor. 

The principle of the pressure-time method 
of flow measurement is based on Newton's 
Second Law, which states that the force is equal 
to mass times acceleration. In application, a 
steady flow is set in a penstock and then the 
flow is completely shut off. During this time, a 
differential pressure-time diagram is gener
ated due to the retarding force necessary to 
stop the flow (see Figure 16). When integrated, 
the area of this pressure-time diagram between 
the pressure line and the friction line multi
plied by a constant based on the test length and 
area provides the flow rate in the penstock be
fore the flow was shutoff. While construction 
drawings can be used for the conduit dimen
sions required by the method, the highest accu
racy specifies that the conduit be drained and 
the diameter determined. 

The Gibson technique used, and the modern 
test codes still include, a differential mercury 
manometer-type instrument with the output 
on photographic paper attached to a rotating 
drum operated by a constant speed motor. This 
instrumentation and data processing are awk
ward and slow. ARL modernized the tech
nique by using calibrated differential pressure 
transducers and a personal computer-based 
data acquisition system running the specially 
developed software to calculate the flow rate. 
Shortly after the conclusion of each test run, the 
flow rate is printed on the pressure diagram. In 
so doing, the computer has: 

• corrected the differential pressure trans
ducer output using the latest calibration; 

• generated a corrected pressure-time dia
gram; 
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FIGURE 16. Pressure-time record with start and stop definitions. 

• produced the friction line; 
• integrated the area between the pressure 

and friction line; and, 
• computed the flow. 
• 
The pressure-time method of flow measure

ment was used several times at a large power 
plant in New York state and also at the Palmer 
Falls Hydroelectric Station in Corinth, New 
York. 

Velocity-Area Technique 
Field Testing 
It is not always possible to use either the pres
sure-time or the tracer dilution method of mea
suring flow in some turbine or pump installa
tions. Where the penstock may be short or 
nonexistent, the velocity-area method should 
be employed using an array of calibrated cur
rent meters to traverse the incoming flow. The 
gate slots are usually used to guide a carriage 
with the mounted current meters. 

In the velocity-area method, the area of the in
take at the metering section is divided into rect
angles of equal areas and the velocity is mea
sured at the center of each area. The velocities are 
obtained by moving a carriage containing several 
current meters vertically in the gate slot and stop
ping to take measurements at the desired posi-

tions. The total flow rate is then calculated as the 
sum of the flow rates of each rectangular area (see 
Figure 17). The meters on the carriage are de
signed to be sensitive only to velocities aligned 
with the meter (i.e., perpendicular to the flow 
area). Therefore, the flow can be determined 
when intake velocities are very nonuniform. 
Many different types oflow-head turbines can be 
tested using the velocity-area method. It is inter
esting to note that during testing in 1989 at the 
Anson Station in Madison, Maine, ARL staff no
ticed a large-scale turbine performance curve 
produced by C.M. Allen in the 1930s. It was on 
the wall above the desk at which they were con
ducting analyses of area velocity measurements. 

Although flow-measurement-related field 
studies at the end of ARL's first century com
prised a smaller percentage of the laboratory 
work, they continued to augment the flexibility 
of ARL's operation. 

Hydraulic Equipment Field Testing 
Determining actual turbine efficiency was not al
ways required nor was it always needed in some 
field tests. It might be that the client wanted to be 
able to run quick tests on a machine to determine if 
its efficiency was decreasing with time. To do this, 
the flow might be "indexed" to some point in the 
system or to some other source-of-flow indication. 
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FIGURE 17. Normalized velocities at an in
take section. 

In 1989, ARL conducted index testing at 
eight power stations containing sixteen tur
bines in central Vermont. In six of these sta
tions, a pitometer was mounted at the pens tock 
centerline to indicate flow. In one other station, 
an uncalibrated Venturi meter was used to ob
tain flow. At the other station, flowwas deter
mined using an existing reducer, which simu
lated a typical Venturi meter. 

Because of the nature of power plants (both 
fossil and hydro), they contain many hydraulic 
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systems that, at times, may not operate as de
signed. Such was the case at the Robert Moses 
Niagara Power Plant in New York. In October 
1988, a series of tests were conducted to investi
gate the cause of pressure surges in the pen
stocks, which caused rough operation of the 
turbines at some gate settings. Pressure trans
ducers were installed at 11 piezometers that 
were located in different parts of the penstock 
and draft tube to determine the magnitude, fre
quency and source of the fluctuating pressures. 
In addition to the pressure measurements, the 
power output, three-vibration signature analy
sis and the shaft torque were obtained on one of 
the two units being tested. 

Two elements of the data were analyzed to 
arrive at the source of the problem. The stan
dard deviation of the pressure fluctuations was 
determined to be the most reliable indicator of 
the magnitude of the fluctuations. The fre
quency content was determined by the Fast 
Fourier Transform (FFT) method, which is an 
algorithm that decomposes a periodic signal 
into a Fourier series. 

Analysis of the data indicated that the most 
likely origin of the pulsation was the draft tube. 
From the draft tube, these fluctuations then 
carried through the system and caused the 
rough operation of the turbines. 

Measuring In-Situ 
Velocities & Currents 
As a part of many hydraulic model studies, flow 
patterns in the field must be documented for" cali
brating" the velocities or currents in the model. 
Originally, C.M. Allen started this practice using 
hand-held meters. Today, this "mapping" is done 
using current meters in confined areas or, as was 
done for the recent Niagara ice model, by tracking 
floats using GPS. In the late 1960s and early 1970s, 
drogues were tracked using aircraft. Such aerial 
tracking was typically done when overall velocity 
patterns were needed (such as at the James H. 
Fitzpatrick site on Lake Ontario and Indian Point 
on the Hudson River). Drogues were fabricated at 
ARL and dropped/ collected using a boat. As the 
aircraft flew overhead at timed intervals, photo
graphs were taken that were used to measure the 
displacement of the drogues from which the aver
age velocity could be determined. GPS is a lot eas
ier. 



Another float-tracking technique started out 
using an old-fashioned transit and is conve
nient whenever there is a high bridge or build
ing nearby. When first used for a plant on the 
Detroit River, a transit man, with a good note 
keeper who recorded vertical and horizontal 
angles, set up on the roof of the station and 
tracked 8 floats at 1 minute intervals. A boat re
trieved and reset the floats. 

With the advent of computers, a position in
dicator with a variable voltage output was cou
pled to the transit. By use of personal-com
p u ter-b ased data storage and analysis 
software, more data could be accurately re
corded without furious note taking. The final 
improvement is a "total-station" surveyor's 
theodolite for tracking the drogues. Recently, 
floats have been tracked in rivers and power 
canals as part of determining flow patterns to 
develop first diversion/ guidance booms and 
sluiceways for downstream migrants. 

Temperature Measurements 
When steam-electric plants were required to 
meet thermal discharge criteria, state regula
tory agencies required field verification of the 
thermal patterns predicted by the physical and 
mathematical models. Overall surface temper
ature patterns could be recorded using infrared 
techniques using an airplane or a boat 
equipped with one or more temperature sen
sors. The infrared technique, even with water 
surface calibration, was accurate to about 
±0.S°C absolute or about l.0°F. 

AR developed an automatic data acquisition 
system for boat-mounted sensors that could si
multaneously record the time, surface and ver
tical temperatures, and position using two 
shore-based transponders and a transmitter 
unit on the boat. The data were processed and 
plotted spatially. Field and model data were 
then compared for regulatory agencies (see 
Figure 18). Model and prototype data generally 
agreed, particularly nearest the point of dis
charge and away from boundary influences, 
but wind effects and other factors sometimes 
made model-prototype comparison difficult. 
This situation was particularly true at complex 
sites where there might be multiple plants 
(with varying heat rates) and/ or tidal compli
cations. But even in these cases, a synoptic view 

of the far field data indicated similarities of 
field and model temperature data (see Figure 
19). As far as it is known for a plant model 
tested at ARL, no thermal discharge data have 
ever been determined to be in noncompliance 
of temperature or mixing criteria. 

Plant Operation Characteristics, 
Forensic Engineering & Consulting 
Numerous investigations, consultations and 
field tests were conducted every year for a long 
time and for many clients at ARL. Examples of 
field services included: 

• valve operation or pipe breakage prob
lems related to pump transients or emer
gency open/ closure; 

• sprinkler system functioning; 
• on-site calibration of flowmeters for plant 

process control; 
• make-up water evaluation for a combined 

cycle generating plant; 
• flow measurement in a fertilizer plant; 
• head loss and velocity measurements at 

the tube sheet face for an air cooler; 
• inspection services and leakage tests; 
• litigation on failures or other topics; 
• condenser targeted chlorination; 
• sedimentation; 
• thermal discharge analysis; 
• insulation evaluation; 
• feasibility studies, pressure/pipe burst 

tests; 
• gate vibration evaluation; 
• erosion and scour evaluation; 
• instrumentation development; 
• review of pump station design; 
• thermal discharge analysis; 
• pump transient analysis; 
• and numerous other specialty studies. 

Some of these studies involved substantial 
analysis, which has become a complementary 
part of many field investigations and physical 
model studies. The analysis often identifies the 
most fruitful options to be further investigated 
and optimized. 

Fisheries Issues at Water Intakes 
When a multidisciplinary team of fisheries ex
perts joined ARL in 1994, a wide range of stud-
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FIGURE 18. Comparison of nearfield model and field surface temperature rise patterns during 
tidal conditions at the Indian Point Station (Hudson River, New York). 

ies relating to fish protection and passage was 
enhanced. Guiding or deterring fish from en
tering high-flow water intakes has been accom
plished using various devices, including un
derwater sound and strobe lights. Since the 
performance of these systems is species-de
pendent, testing to determine effectiveness is 
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required. In some cases, tests in a laboratory 
flume are most effective. In other cases, param
eters dictate that the response of fish be deter
mined in the field. For this purpose, ARL's 
floating test platform can evaluate on-site the 
deterrence effect of strobe lights and noise. The 
platform supports the sound system so that fre-
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quencies, wave forms, pulse patterns and other 
parameters can be evaluated with the existing 
site background noise pattern. Underwater 
video equipment records the response of fish. 

Resident and migratory species of freshwa
ter, estuarine and marine fishes have been eval
uated, including salmon, striped bass, an
chovy, perch, walleye, northern pike and 
catfish. The species evaluated are all of com
mercial and/ or recreational value and must be 
protected at water intakes. The results of the 
studies have varied by species and device. Spe
cies' response ranges from no response to 
strong repulsion with both sound and strobe 
lights. The results are used by ARL's clients to 
determine whether these fish-repelling tech
nologies are appropriate for their various wa
ter intakes. This general expertise has led to nu
merous relicensing/National Pollutant 
Discharge Elimination System (NPDES) stud
ies, investigations on mechanical screening, 
consultation with state and Federal regulatory · 
agencies, and evaluation of alternative fish 
protection devices. 

Environmental field studies related to fish 
diversion and passage have become a major 
ARL activity. Overall, field studies, as in the 
first days of ARL's history, promote current 
knowledge of ongoing activities and stimulate 
the creative instincts of the staff. 

Changes: Past to Present 
What will the next century bring to ARL? 
When C.M. Allen started working at the Hy
draulic Testing Laboratory, he ·probably 
could not begin to envision the changes that 
would take place during his tenure, and cer
tainly not during the first century of the labo
ratory's existence. The giant changes that oc
curred in the first century can be summarized 
as follows: 

• school-operated, nonprofit laboratory to 
private, for-profit consulting company; 

• basic teaching laboratory to applied re
search laboratory; 

• slide rule to personal computer; 
• hydraulics to computational fluid me

chanics; 
• hand-acquired data to computerized data 

acquisition systems; 
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• still photography to motion pictures and · 
video; 

• hand-drawn curve sheets to com
. puter-printed graphs; 

• hand-made drawings to computer-gener
ated design drawings; 

• mercury hand-held thermometers to data 
acquisition systems with thermocouples; 

• manometers and gauges to pressure 
transducers; 

• current meters to hot wire anemometers, 
magnetic current meters and laser dopp
ler anemometers; 

• Venturi meters to ultrasonic flowmeters; 
• calibration throat Reynolds numbers 

from 2.5 million to 8 million; 
• a fewflowmeter calibrations per year to 

two or three every day; 
• travel by horse and buggy to jet aircraft; 

and, 
• handshakes to seal contracts to formal 

signed contracts with commercial terms 
and conditions. 

Conservation is now away of life, and many 
utilities can financially benefit by their spon
sorship of better usage of electricity. More effi
cient lights and more efficient variable speed 
motors and controllers will control demand. 
The impact of electric cars may be dramatic on 
the power industry if the cost, battery-storage 
and recharging issues can be resolved so that 
these vehicles can become as convenient as the 
present motor car with their internal combus
tion engines. 

It is certain that the nuclear power industry 
will undergo fundamental changes as plants 
age. Recently, Yankee Rowe in western Massa
chusetts was decommissioned, and the plant 
faces disassembling and storage of its nuclear 
components. Cost estimates have doubled or 
quadrupled from early estimates. Com
pounding decommission problems is the fact 
that the United States still has no storage facili
ties for spent nuclear power plant fuel compo
nents. Utilities will extend the operating life of 
all plants, particularly nuclear, to avoid large 
capital investments and decommissioning 
costs. Power oversupply is also rapidly 
dwindling. It seems certain that only a few new 
major steam power plants will be built in the 



next 10 to 20 years, which will certainly be the 
case if the "free-wheeling" of power occurs be
tween regions with excess and insufficient ca
pacity. Gas turbines in modular units seem an 
effective way to meet demand. 

Predictions 
There are a few things that might be predicted 
for the future of ARL and hydraulic testing lab
oratories in general. There will be many hydro
electric power plants coming up for 
relicensing. These plants will need studies, es
pecially with respect to fish passage. With the 
addition of its environmental group, ARL is in 
a position to design, model test, install and 
field test equipment needed to conform to the 
ever-increasing environmental regulations re
garding fish entrainment, deterrence and pas
sage. New concepts for fish-friendly 
hydropower turbines will be explored. With 
ARL's floating test platform, on-site evaluation 
of fish response to sound or lights is possible. 

As fossil fuel electric power plants age and 
the demand for electricity increases in this cen
tury, there will be studies required for con
denser cooling water systems for replacement 
plants. Flue gas systems in these plants will un
dergo extensive modifications to clean exhaust 
gases before they exit to the atmosphere. Pump 
intake and other related traditional studies will 
continue because savvy engineers will still see 
the cost benefit of building and testing a hy
draulic model before the enormous cost of the 
prototype is incurred. Models will still be used 
to correct design oversights. No matter how 
advanced mathematical modeling becomes, 
some complex flow-related phenomena will be 
intractable. These phenomena include sedi
mentation and scour, operation of pumps or in
takes in various combinations with real and 
complex topographical or geometric condi
tions. Analytical models will become more ad
vanced, will define the problem and will find 
solutions; however, final verification will re
quire a physical model or depend on coeffi
cients determined in a testing facility. 

Fossil-fuel power plants will also be sub
jected to more laws and regulations regarding 
liquid and gaseous discharges. These plants 
will require the services of laboratories, such as 
ARL, to test and evaluate scrubbers, precipita-

tors and other equipment to comply with envi
ronmental regulations. In addition to testing 
for dispersion of the contaminants, new and 
precise instrumentation capable of measuring 
parts per trillion will be used in the studies. 

Whatever the fuel source, power plants in 
the future will need pumps, blowers, compres
sors, steam generators and maybe condensers. 
Hydro plants will never entirely disappear. 
Developing countries will still be building 
dams that require spillways and all the related 
testing and optimization. 

Critical potable water problems will emerge 
during the twenty-first century as systems 
grow older, pollution sources increase and the, 
population grows. Various new methods of re
cycling used water and super-low or no-water 
toilets will be invented. More cities will have 
storm overflow collection systems and large 
pumping systems. 

Optimizing complex mechanical or mixing 
systems will still require physical modeling. 
Some issues related to reactor safety will be 
solved, but others will remain. Complex flow 
patterns and head losses related to insulation 
collecting on a strainer can now only be solved 
with the assistance of testing. In time, critical 
parameters and coefficients will be developed 
to allow analytical models to be calibrated. 

Parts of the United States experiencing wa
ter shortages will be supplied by the parts of 
the country that have an excess of water using 
an extensive piping system that incorporates 
existing rivers and waterways. The design of 
such a massive system will utilize a multitude 
of scientific areas such as fluid mechanics, biol
ogy, zoology, chemistry, geology and many 
others due to the interaction of the different 
ecological systems. 

This century should bring further large 
strides in computational fluid mechanics. 
More rigorous solutions to. the three-dimen
sional Navier-Stokes equation should evolve 
during this time, and more solutions to com
plex fluid problems will be obtained with 
mathematical models. Computational fluid 
mechanics courses that are today's studies for 
graduate students will be considered simple to 
undergraduate students in the year 2094. 

Physical models will still be utilized in the 
extremely complicated situations after exten-
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sive computer optimization. Physical models 
will be constructed by robotic devices carving 
out huge slabs from some type of recycled or 
new plastic material. The robots will be con
trolled by high-speed computers with input 
data supplied on some sort of software by the 
customer. Physical changes in these models 
will be accomplished in a very short time. 
Scanning devices throughout the model would 
obtain temperatures, pressures, velocities, tur
bulence intensities and any other necessary 
data without touching the fluid. 

Clients might see, at their desks and in real 
time, the model test or the results from the 
.mathematical model. The test results will no 
longer be reported in a booklet. Instead, results 
may be software that the client will be able to 
view on a very thin portable hand-held screen. 

Flowmeter calibrations will be performed 
using unobtrusive devices that would perform 
instantaneous complete velocity traverses at 
different sections of the flowmeter, integrate 
the traverse, obtain the readout and determine 
the coefficient of the meter. In fact, flowmeters 
of the future may be just a special piece of pipe 
fabricated from material that will act as a 
flow-integrating "chip." 

Who really knows what the future genera
tion holds for hydraulics testing laboratories? 
One thing for sure, current state-of-the-art 
equipment and visual documentation will look 
as antiquated as photographs from the early 
days of ARL look to us today. If the exponential 
growth of the past century is a good indicator, 
this new century should be an exciting and cre
ative time. 
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