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Introductioa

This report contains recommendations for the design of the outfall diffuser for the

Seabrook wastewater treatment plant, Seabrook, New Hampshire, located on %rite Island in the

Hampton -Seabrook salt marsh. The current conditions of the plant fail to meet state and federal

regulations, therefore an upgrade to secondary treatment is under construction, with a design Qow

of 1.8 million gallons per day  mgd!. The treated wastewater disposal is to the Atlantic Ocean

through an ocean outfall pipe that terminates with a diffuser.

A diffuser system is one that disperses the effluent water Rom the treatment plant into the

ambient water, in this case the saline water of the Atlantic Ocean. This dispersion allows little

environmental disturbance at the di64ser. Our goal was to design an efficient, strong, and easily

maintainable diffuser for the community.

The first step was to research the subject and locate the important variables. Such things

as the Sow from the treatment plant, diffuser components, and site description were found, From

this information, the plume model MERGE was used to define parameters of a design concept for

the diffuser. Once completed, an anchoring system was developed to aid in failure protection

&om the forces of waves and erosional events. The Gnal stage of this study was to investigate the

plume dilution, which was performed using a physical model,

The proposed diffuser location is approximately 2100 feet offshore, in the Gulf of Maine

 fig, 1!, at the end of a 2 foot diameter, high density polyethylene  HDPK! pipe. The mean low

water depth at this point is 30 feet and the diffuser is to be oriented parallel to the shore line to

provide maximum dilution and dispersion. The outfall pipe, which has already been installed, is



located in an armored trench. By having the pipe buried, it is protected &om failure due to wave

forces and erosional events,

An extensive literature search was conducted and numerous articles were identi6ed,

describing the outfall being built in Boston, Massachusetts. Other investigated papers and books

included general design guidelines, procedures, and methods of modeling. Reports &am Stearns

and Wheler, and GZA GeoEnvirontnental, Inc., who actively investigated the Seabrook site, were

used for the background information and in situ characteristics.

To aid in the physical understanding of this project, a trip was scheduled and extra reading

was completed The purpose of the trip was to see what a pre-installed diffuser looked like, The

trip was to the Deer Island wastewater treatment facility in Boston. While at the site, The tunnel

for the opening of the outfall was viewed and a diffuser head was investigated to see the actual

design involved.
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Initial Design

Analytical prediction of outfall plume dBution

In 1973, the plume model MERGE was developed and published by the Environmental

Protection Agency  EPA!. MERGE was used to model the dilution of the efHuent plume as it

aspirates into the ambient water of the receiving body. EPA ran MERGE for a variety of

standard ambient water characteristics, resulting in a series of charts to evaluate diffuser dilution.

The output obtained f'rom the model yields a value of dilution, for a speci6ed diffuser design, and

a corresponding trapping level, The trapping level  Bg 2, USKPA, 1985! is the level where the

diffused plume ceases to rise and then drifts with the ambient fluid velocity. This had great

consideration in the design because it is undesirable to have a plume rise to the water-air interface.

Assumptions incorporated in MERGE include:

~ steady state flow,

~ the plume maintains a circular cross section everywhere until the trapping

level and,

~ the density difference between the effluent and receiving water is very small.

These conditions are not always met by the prototype but have been accepted in design. The

basic feature of MERGE is that it includes forced entrainment: which is the dilution of the

effluent plume due to the shear that occurs between an effluent jet from the diffuser port and

the ambient flow. Even in the absence of current, which is not found ofF the coast of

Seabrook, the shear created by the plume jet results in the entrainment of ambient water into

the plume, causing plume dilution.

There are important limitations of MERGE that must be considered  USEPA, 1955!:



Figure 2. Plume trapping level



~ MFuser jets are parallel to the ambient current. The model does not predict

plume dilution for cases of current flowing parallel to the diQuser pipe, This is a

severe limitation especially in some ocean applications, Ambient Qow parallel to

the pipe result in the lowest initial dilution's for the efHuent.

~ Boundary conditions: The model does not properly account for

interfacial boundary conditions. Dilution near the water surface or bottom may

be overestimated since entrainment is being modeled where water is unavailable for '

such entrainment.

~ Horizontal homogeneity: The model assumes a homogeneous horizontal

ambient current, however, bottom topography, internal waves, and/or other factors

may cause considerable spatial flow variations, This is in addition to temporal

variations which are excluded by virtue of the assumed steady-state.

~ Uniform discharge. It is assumed that an infinitely long di6user exists

for which there is no port-to-port variation in efHuent characteristics.

MERGK parameters

Four similarity parameters must be calculated before entering the MERGE dilution

tables. These are the densimetric Froude number  F,!, stratification parameter  SP!, current to

efHuent velocity ratio  k!, and the port spacing parameter  PS!, The Froude number  eq-1! is

a dimensionless parameter dependent on the e81uent velocity from an individual port and

relates the density stratification between the effluent and the ambient sea water.



F, = v/Ig'd,
where:

v = port velocity effluent
g'= reduced gravity  eq-2!
d,= port diameter

g' =   p. - p.N.!' g
where:

p, = ambient density
p. = efBuent density
g = gravitational acceleration

The stratification parameter  eq-3! is also related to the density stratification but involves the

effective diameter of the port and the density of ambient Quid as a function of the depth.

SP = p J d.~dp Jdz!
where:

z = depth of port below
the water surface

The current ta efBuent ratio is a comparison between the two velocities  eq-4! and the port

spacing  eq-5! is the ratio of the distance between the ports ta the port diameter.

k=p,/v
where:

k = current to ef8uent ratio

lj, = ambient velocity
v = effluent velocity

PS = Si/d.

S>= distance between ports
where:

To begin the difRser design using MERGE, the e6luent flow  using the average daily

discharge! per port was calculated, difFerent vahes for the number of ports were chosen and

the port diameters were estimated. The port diameters used were 1, 2, 3, and 4 inches, and

the number of ports were 10, 15, 20, 25, and 30. Part sizes and numbers outside af these



ranges resulted in excessive head losses at the dilFuser or nonuniform port Qows. Velocities

were computed for the difFerent combinations of the port diameters and number of ports, then

aH of the dimensionless parameters were calculated far the respective MERGE variables. The

current to e8luent ratio for both the strongest and weakest in situ currents were applied. For

the change in ambient density to depth ratio used in the stratification parameter, a value of 1.0

was used, indicating that for depths &om 30 - 2500 feet, there is very little change in density

�, 1978!.

Diffnser port spacing and port diameter

With the various combinations af parameters, the MERGE dilution tables  USEPA,

1985! were employed to estimate dilution and trapping level values. From the port spacing

and number of ports, the length of the diBuser  L! cauld be obtained &am equation 6. This

was useful to eliminate larger models from consideration due to the limited space of the actual

design site. The known geology of the site was only valid for 75 ft to either side along the

pipe route. The length, along with the dilution value and plume rise were the final factors in

deciding the final outfall design.

L =PS ~ n

where:

n = number of parts

ASer trying several combinations, the most practical design,  considering the plume

dilution, trapping level, and port size!, for the twa foot diameter pipe consisted of 20 ports of 2

mch diameter each, which produced a dilution of 530 and trapping levels of 15 and 26 feet for the

fast and slow currents, respectively. The port spacing of 50 inches, on center, was used, to yield a

port spacing parameter of 25 and a total difkser length of 83.3 feet, which was rounded to 85



feet for simplicity of construction. Figure 3 depicts this design.  The stratification parameter of

infinity was used because the density stratification was considered to be 0!.

TABLE 1.

Summary of MERGE Design Parameters

These values are dimensionless and lead to the following design

Prototype
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Design Considerations

The considered designs were based on research of existing diffusers that could meet the

needs of the Seabrook plant in durability, ease of maintenance, as well as cost eKciency. The

two diQusers had to meet the following requirements:

~ Able to withstand erosion or deposition

~ Survival through severe storm

~ Maintenance and inspection

~ Biofouling

Durability

GZA GeoEnvironmental, Inc.,  GZA, 1994! performed a soil profile of the outfall route

 fig 4!, and determined that the sediment is mostly. a stratified sand and glacial silt with some

maxine clay. Normandeau Associates, Inc.  NAI, 1975! performed a study in the area of the

pipelinefdiffuser route and determined that a plus or minus 6 inch depositional or erosional event

could occur, GZA also performed an acoustic survey and concluded that the sediments were

unstratified and there was a subbottom at a depth of 5 feet. GZA defined the subbottom to be

that of a hard layer of soil that would not be susceptible to a significant erosional event GZA,

1994!. Stearns and Wheler arrived at the conclusion that the diffuser should not only be designed

for the plus or minus 6 inch event, but also the possibility of a 5 foot erosional event.
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Survival through the 100 year storm

The diffusers in this study were designed to withstand the 100 year storm conditions. To

cos k li + z!Uh = � a co s kx � cr t!
2 sixth kh

horizontal velocity  eq-7!

obtain such storm characteristics, a study was conducted byNUMEfUC Environmental

Modeling.  NUKKRIC, 1994! Using a program called the Regional Coastal Process Wave

Propagation Model  RCPWAVE! the effects of the 100 year storm at. the proposed site were

calculated. RCPWAVE parameters used for the design of the diffuser include: the wave period,

the surge water level, and the wave height, NURKRIC found the wave periods to be between 10

and 14 seconds, RCPWAVE calculated a surge water depth of 16 feet, and a significant wave

height of 8 feet.

The surge height is the local rise in water level due to the shoreward transport of water

&om wind stress due to the storm, On top of the surge water level is the storm wave height of 8

feet  Gg 5!. The significant wave is that af which one third of waves, on the average, are larger

 Shore Protection Manual, Vol. 1, 1984!.

The storm surge is important because shallow water wave heights are limited by water

depth, Waves will break when the wave height is roughly 0.78 times the water depth. The energy

of a wave is proportional to the square of the wave height. The added depth of a storm surge

allows more energetic waves to reach the diffuser site before breaking and thus more energy

would be transferred to the diffuser  Dean 4 Dalrymple, 1984!. At the Seabrook site, Shoals

three miles eastward prevented the occurrence of the significant wave heights larger than 8 ft.

With &is data, vertical as well as horizontal bottom velocities and accelerations during the

100 year storm were computed using Airy Wave theory.  Shore Protection Manual, Vol. 2, 1984!



H sinh k h + z!Uv = � a sin kx � at!
2 sixth kh vertical velocity  eq-8!

H cosh k h + z!Ah = � a co s kx � at!
2 sinh kh horizontal acceleration  eq-9!

H sixth k h + z!Av = � a cos kx � at!
2 sinh kh vertical acceleration  eq-10!

where:

H = wave height  8!
k = wave number = 2x/L  L = wave length!  l/ft!
a = 2xfT T = wave period  sec!
x = horizontal distance to reference point  ft!
h = water depth + surge  ft!

accelerations are greater using the 10 sec period, these calculations were

used in the force analysis for the difFuser.

15

The resulting design storm velocities and accelerations at the diffuser are shown in Table 2,

TABLE 2,

Airy wave theory design wave parameters



The analysis of the wave - induced forces on a diffuser was divided into two parts. The
first part is the force caused by hydrodynamic drag. This force is created by the steady current of
water on the difRser by passing waves, The second part of the wave force is the inertial force,
which is caused by the acceleration of a passing wave on the diffuser. The total force was

calculated using Morison's equation:  Shore Protection Manual Vol, 2, 1984!

 eq-1 1!F=Fg+F;
where:

F = total wave/ current force  lbs!
Fg = drag force  lbs!
F; = inertial force  lbs!

F = � C,pAUfUJ+ C,pv�1 col

2 d>  eq-12!
where '.

C~ = drag coef5cient
p = density of water
A = projected area/unit elevation of the pipe  ft'!
U = relative velocity of fluid with respect to

the pipe  fl/s!
C; = inertia coefBcient
V = volume of pipe/ length  ft'!

Equation 12 was also used to compute the minimum stable armor stone size. This then can be

translated into the minimum weight of an armor stone that would not be moved by this storm, The

determination was that any smaller than a 1.5 ft' rock  assuming a Sg = 2,6 ! could possibly be
moved by this storm.

The first diffuser design consideration concept was to have the difRser on the ocean floor

without any kind of support. This proved to be infeasible due to the chance of an erosional event

where the diffuser would have no support and could possibly fail, Therefore, the foHowing two



diffuser designs were evaluated: a buried diBuser with riser eNuent ports and an anchored difRser
at the ocean floor.

Diffuser Design 1

The flrst diffuser design was similar to the system being constructed for the Deer Island
plant, except at much smaller scale  fig 6!. The main outfall pipe lies on the hard layer 5 feet
beneath the ocean floor. The two inch diameter risers were designed to each have a cone shaped
protective shield which is meant to deflect floating debris or. objects  for example lobster traps,
anchors, etc.! that could possibly break them of% These cones, along with an inspection pipe, are
the only visible structure under the current elevation of the ocean floor. Table 3 depicts the forces
exerted on this design before and after the design erosion event. It can be seen that when the
risers are buried, little force is exerted on them. When the dif5rser is fully exposed after the five
foot erosional event, a different situation arises, and the force on each riser greatly increases,
giving them the possibility of failure.

Diffuser Design 2

The second diffuser design is one that is exposed above the existing ocean floor  fig 7!,
The outfall pipe comes out at a gradual bend to a tee at the center of the difRser. The bottom of

the diffuser pipe is roughly 1 foot above the ocean floor. This allows up to three feet for the

deposition discussed earlier. The force on this difFuser greatly increased during the five foot

erosional event  table 4! and to counter this, 6 precast 7'x3'x3' concrete anchors were designed
to be buried to the hard layer below, Even though the force increases after the erosional event the

17



concrete anchors are heavy enough to resist this increase in force, even if the diffuser was fiHed

with air. The weight of the anchors are also such that even considering a &iction factor of 1, the
diffuser does not have to be back 60ed with armor. This design has two inspection ports, one at
each end, yielding greater inspection ease than the first design. To contain the diffuser on the
anchors, a stainless steel strap is recommended that will bolt into the anchor on each side,

BifFnser Material

The material chosen for these designs was that of a high density polyethylene  HDPE!.
This is consistent with the outfall pipe material and will ease instaHation. This material is non
corrosive in the ocean, environmentally safe, strong, and does not invite biofouling. Its only
negative aspect is that it is light weight, which makes the construction easier, but results with a
higher buoyancy. It was calculated that for the worst case, with the diffuser filled with air, the
buoyant force was 131 lbs/it. This force is taken into account in the diffuser designs



FORCE CALCULATtONS

F= Fd+Fi

Table 3

Table 4'
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Physical Modeling

Physical modeling was performed to test for the dilution's predicted by MERGE.

While modeling, several factors were observed. Among these were;

~ merging of plumes,

~ current a6ects on the plurne, and

~ plume dilution after aspiration.

Model considerations

To physically model the ddRser, geometric similitude  eq-13! was considered for

the size of the model and Froude similarity  eq-14! was used to calculate the model

discharge.

LJL = 1/10 eg-13
where:

L = model length
L, = prototype length

MQp = �44! ~e-14
where:

Q = model discharge
Q, = prototype discharge

22

By assuming a geometric scale, the dimensions of the model were calculated, then applied

to determine whether the size was feasible for the tank. Major considerations that went

into the scale were, the number of ports that could be used within the width of the tank to

help reduce side efFects, and the size of the ports to have a noticeable flow. The scale

chosen was 1 10, which lead to the model dimensions of a 2.4 inch diameter pipe, and

ports of 0.2 inches, Due to availability, a 2 inch PVC pipe and 0.206 inch ports were



used. These standard materials yielded an actual port diameter scale ratio of 1: 9,7.

Schematics of the model can be seen in Ggures 8 - 10.

The discharge for the model was calculated by equation l4 using the prototype

design flow per port and the geometric scale. The model discharge Rom the prototype

Bow of 1.8 MGD was 0.79 gallons per minute  gpm!.

For successful hydraulic modeling, there are four requirements that should be

observed and these include  Sharp, 1981!:

~ geometric similarity; no exaggeration of scale in aH dimensions

~ equal densimetric Froude numbers in model and prototype

~ Reynolds number greater than approximately 2500; and

~ equal Froude numbers, v/ gd,!, in model and prototype,

The point of having equal densimetric Froude numbers, is to ensure that the density

difference between the ambient and eKuent remains the same as the prototype. By

preserving these model relationships, the model acts hydraulicaHy as the prototype.

Model set-up

In order to run the model, two variable speed peristaltic pumps were used in

parallel to acquire the desired flow of 0.79 gpm. Calibration of the pumps was conducted

over a period of three days. The two pumps were set at different speeds and the time was

measured for them to displace 2,0 gallons from a bucket of water. The desired time of

2.53 minutes, � minutes and 32 seconds!, was reached quickly but many more trials were

used to obtain an acceptable average. The best combination was to set the pump settings

at 8 and 8'/z for the older and newer pumps, respectively. Number 18 Masterflex tubing

23
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Figure 10. Physical model - side view
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was used and connected nom each pump by a tee, and then a single feed line continued

into the tank and the diffuser. The hose was connected to the model by a '/8 inch hose

barb, located at the center on the upstream side,

The tank measured roughly 40 feet long, 2 feet wide, and 3 feet deep representing

a 30 foot in situ depth and a 20 foot in situ width, The tank consisted of PVC piping at

the head to create uniform flow and it was long enough to view the effects of the plume

downstream. The difRser was placed at approximately one third of the total length &om

the head box and the three downstream sampling locations were situated at arbitrary

distances of 34, 83, and 129 inches. The simulated ambient flows were 0.8, 0.6, 0.4, and

0,2 knots in the prototype and were calculated by the Froude relationship of equation 15.

V~ = LJL!' ~e-15
where:

V = model velocity
V~ = prototype velocity

27

The motor speeds of the tank were measured in hertz, so a calibration chart  Ggure 11!

was used to obtain the desired water velocities of 0,253, 0. 190, 0. 126, and 0.063 knots for

the model. These calibrated velocity values were measured 2 inches above the physical

model by a laser system.

Samples from the tank were taken at 4 stations, one upstream and three

downstream of the diffuser. A station consisted of a 018 Masterflex tube connected to a 4

foot glass rod and extended over the tank side to waist level. At the intake end, a bent

wire of 90 degrees was inserted into the rod and the tubing was fastened to this, and

pointed upstream. After running the physical model for a test run, the sampling stations

were installed at the observed plurne centerline, both vertically and horizontally. The



5hz 10hz 15hz 20hz

Frequency



samples were extracted from the tank, through the tubing, by negative pressure  a siphon

efFect!, in order for the plume to remain undisturbed by movement. A stopper was

attached to the eBluent end of the sampling tube to prevent sampling when not taking

samples. The port located upstream of the model was used as a measure for the

background concentration, and the three downstream were used to measure the diluted

plume concentrations.

For visual effects and the measurement of plume concentrations, Rhodamine WT

dye was used. A 55 gallon drum was 6lled with water, dye was added until a noticeable

pink color occurred, then samples of this ef8uent water were taken. All of the samples

were placed in clean, opaque bottles and then immediately stored in boxes. This was done

to prevent degradation of the Rhodamine by sunlight.

When samples were taken, the stations were unplugged and run to purge the

stagnant Quid inside the tubing. Once tube purging was completed, bottles were fllied

nearly simultaneously, capped, and boxed. To obtain average values, four samples for

each tube were taken for each run  each run had a different current velocity!, and then the

diffuser was shut down while the tank continued to low in order to equilibrate the dye

within the ambient fluid  approximately 3 minutes!, Upon completion of testing, the 3

downstream stations were vertically stacked 4 inches apart, 34 inches away from the

diBuser, to investigate the vertical concentration gradient of the plume. These results are

shown in figure 12.

Sample measuring

A fluorometer  Turner Designs, Model 10 Series!, was used to measure the

29



Ca = C. +  C.-C.!/S. ~e-16

where:
Ca = concentration at the completion of initial dilution
C. = background concentration
C, = e6luent concentration
S. = initial dilution

31

Rhodamine WT concentrations in the samples. The fluorometer works by estimating the

fluorescence of the sample in an enclosed cuvette holder, From a meter reading the

concentration is computed &om a series of equations. The Quorometer must first be

calibrated using a blank sample  distilled water! and standards  these were previously

made in concentrations of 0.1 ppm and 0.01 ppm!. The calculated concentrations are

shown in the appendix.

The actual concentrations downstream are found by taking the observed

concentrations and subtracting the upstream  background! concentrations. By use of

equation  eq-l6, USEPA, 1985! and the dilution predicted by MERGE �30!, the desired

concentration is determined. The desired concentration is where the dilution is equal to

530. Figures 12-15 were developed from the information in table 5 and show where the

desired concentration is located in the physical model. The mmJxnum length Rom the

diffuser to reach the desired concentration appeared in test 1, at 40 inches. This value,

multiplied by the scale factor, would represent 33.3 feet in situ  table 6!. As the currents

decreased in speed, the desired dilutioa occurred closer to the diffuser. The explanation

for these results is that when a faster current is present, the diffuser plume does not

aspirate as readily and thus moves further downstream before achieving the desired

dilution, When this happens, the plume velocity takes longer to equilibrate with the

ambient flow, which is when dispersion is more effective.
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TABLE 5

PLUME CONCENTRATIONS OF PHYSICAL MODEL

TABLE 6.
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Recommendations

The proposed design for the Seabrook wastewater treatment plant is that of design

2. This design meets all of the requirements that were considered in the analysis with an

added degree of safety:

~ Able to withstand erosion or deposition

~ Survival of severe storm

~ Maintenance and inspection

~ Biofouling

This design was determined to withstand the above conditions in a manner that

meets standard engineering practice. It proved to be efficient, strong,  able to withstand

the 100 year wave induced horizontal and vertical force of 23,256 lbs with its own 34,398

lbs of submerged weight,! and can be easily maintained. The anchoring system proved to

be very stable in the 100 year storm conditions, as well as the possible 5' foot erosional

event. It contains two inspection ports and is designed above the ocean floor, which will

make any possible maintenance easier,

Design 1 which works on a plant the size of Boston's, would work on this scale as

far as dilution is concerned, and the force on this design was determined to be much less,

but the riser design is to susceptible to damage during the design storm with the calculated

size stone that could possibly become mobile, which cauld lead to failure. The diffuser for

the most part is buried under the acean fioor, thus making inspections harder, as well as

any possible maintenance.
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