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SYNPOSIS

Hydrothermal physical model tests were conducted on the effect of orientation to
flow direction on the mixing of the discharge from submerged multiport diffusers
in a shallow river. Diffusers were modeled as a series of submerged discharge
ports, which. were assumed to be equivalent to a submerged slot of equal length
and port area. Plume reentrainment along the diffuser lowered the dilution
achieved by diffusers oriented parallel or at a slightly oblique angle to a low
river flow as compared to the dilution achieved by diffusers oriented perpen-
dicular to a low river flow. Increased river flows tended to cause greater
plume reentrainment along parallel and slightly oblique diffusers because of
greater river velocities along the diffuser pipe. However, the dilution achieved
by these diffusers at higher river flows was increased because more river water.
was available to dilute the discharge. For the cases presented, the jet induced-
mixing resulted in vertically mixed conditions downstream of the diffusers.

Des essais furent conduits sur mod•!e reduit hydrothermal pour d~terminer l'effet,
de l'orientation relative de l'coulement et d'un diffuseur submerg4 k orifices
multiples, sur le meiange en rivi.re peu profonde. Les diffuseurs furent repr-.-
sent~s €onme une s~rie d'orifices submerg's, suppos"s 6ualents il une f-ente de
jongueur et de surface egales 'a celles des orifices. Le r 6 entrainement de l'ef-
fluent le long du diffuseur reduit la dilution obtenue dans, le cas des diffuseurs
place's de facon parallZle ou 'a un angle legerement oblique lorsque le d6bit est.
faible, en comparaison avec la dilution obtenue avec des diffuseurs places per-
pendiculairement en faible debit. L'augmentation du d6bita tendance A causer
un plus grand reentrainement de lVeffluent le long de diffuseurs parallLles ou
l'g~rement obliques, en raison des plus grandes vitesses du courant le long du
diffuseur. Cependant la dilution obtenue par ces diffuoeurs en grand dgbit est
augment6._ car il y a plus. d'eau disponible pour diluer le debit. Dans les cas
presentgs, le mgleage da au jet a pour conseougnce un malange vertical -a l'aval
des diffuseurs.

*To be prtese.ted at XVI1th Congress, AI-AHR, Baden Baden, Germany, August 1977.
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i .. INTRODUCTION

In recent years, closed cycle cooling'systems have been used in steam electric
generating stations to reduce the amount of heat discharged to receiving waters.
These closed cycle cooling systems require that a small portion of the condenser
cooling water be discharged to the receiving water. This discharge of blowdowncontrols the concentration of dissolved solids in the cooling systemwhich might

otherwise form scale in the condenser tubes of the plant. Because the amount of
heat discharged to receiving waters is greatly reduced by closed cycle cooling
.systems, steam electric generating facilities can be located on smaller rivers
with relatively low streamflow without violating' environmental or water quality
criteria. Thus the dispersal of blowdown discharges in these smaller rivers may
require the use of relatively sophisticated discharge systems.

Submerged multiport diffusers are often used in discharge systems when rapid
mixing of the blowdown in the river is necessary. The location of submerged "
multiport diffusers in rivers may be affected by water quality criteria, local
environmental conditions, navigational restrictions, economics, and other factors.
The choice of the angle of orientation .(y) of the diffuser to the flow direction'
of the receiving water body may offer the flexibility needed to aid in meeting
these design considerations.

The studies described herein were conducted specifically for the TVA's Watts Bar
Nuclear Plant which is situated on the Tennessee River in eastern Tennessee.
Three basic orientations of a diffuser system to discharge a maximum blowdown
flow rate from the closed cycle cooling system of 3.7 cubic meters per second
(m3 /s) were considered in the design process.. A diffuser oriented perpendicularly
to the river flow could be situated in an area of adequate depth, although forces.
caused by passing barge tows would affect the anchoring method for the pipes. A
diffuser oriented parallel or at an oblique angle to the river flow could be situ-
ated between the navigation channel and the river bank near the plant. Because
detailed studies of these diffuser orientations were not available in the con-
fined geometry of a river, physical model studies of the three diffuser orienta-

*tions in rivers were conducted. Although these studies were site specific, the
conclusions are applicable to other sites having similar geometries.

S .MODEL DESCRIPTION

The physical model studies were conducted according to geometric, kinematic and
Froude scaling criteria in the 2.h-meter wide, 19-meter long flume at TVA's
Engineering Laboratory in Norris, Tennessee, USA. An undistorted model. (length/.
scale ratio 1:60) of approximately 45% of the 335 meter wide river was con-
structed because of the limited width of the flume. Figure 1 shows that the
section of the river modeled was the area of practical interest on the plant
side of the river. Because the river exhibited a fairly rectangular cross-
section, only a general schematizition of the river geometry was necessary (Fig-'
ure 2). The use of a false wooden floor in the flume eliminated the need for
insulation of the bottom of the flume. The equivalent of a river flow (QR) of
99 m3 /s was used in the model studies, which was the minimum flow of interest at
the site. The Reynolds number of this modeled river flow of 99 m3/s provided
turbulent flow in the flume.1 A higher river flow of 255 m3 /s was used in some
model runs.

1. Stolzenbach, K. D. and D.R.F. Harleman, "Physical Modeling of Heated Dis-
charges," Chapter 11 in Engineering Aspects of Heat Disposal From Power
Generation, Ralph M. Parsons Laboratory, Massachusetts Institute of Technol-
ogy, Cambridge, MA, 1971.



Submerged multiport diffusers were modeled using the concept of an equivalent
slot width. A series of submerged discharge ports were assumed to be equivalent
to a submerged slot of equal length and port area, provided the port spacing was

less than the water depth. Equivalent slots were modeled by a series of dis-

charge ports drilled in a 2.54 cm diameter pipe or by a series of discharge noz-

zles which were connected by flexible tubing to a circular manifold. -Diffuser

jets discharged at a prototype velocity of 2.9-4.6 meters per second (m/s),.
Model jet Reynolds numbers were approximatel• equal to or greater than the crit-
ical jet Reynolds number for turbulent flow.

The effect of the buoyancy of the discharge was modeled using heat as the source

of density differences between the discharge and receiving water body. Tnus

temperature was used as the indicator .of plume structure and of the dilution of

the discharge in the receiving water. Density differences between the discharge
and the receiving water corresponding to temperature differences of -50 to 250 C
were tested. These density differences were characterized by the parameter g';
defined as:

• g' a g

a

where po density of discharge
Pa density of ambient river water-.

g gravitational constant
The density of the discharge can be less than the receiving water at the Watts

Bar plant site because of the concentration of dissolved solids in the blowdown
compared to the river and because of the quicker response of natural draft cool-

ing towers to cooler ambient air temperatures in the autumn months compared to
I:the response of the river at the plant site.

TEST PROCEDURE AND DATA REDUCTION

Steady state flow and temperature regimes in the flume and in a diffuser by-pass.

line were established before each test. Initial temperature measurements for

each of 90 temperature probes in the model were scanned at a rate of one per

second and stored on a minicomputer. The discharge was established through the

diffuser and allowed to reach steady state for 30-60 minutes. Final temperature

measurements were then scanned and stored. The discharge concentration (c) at.

each probe was calculated by the following equation:

~*c Tf f-
T -T
TD Ta

where Tf and T; are the final and initial temperature measurements of each probe,

TD is the discharge temperature and Ta is the ambient temperature calculated as

the average of all Ti's. The discharge concentration at each probe was plotted

at prototype water depths (z) of 1.52 and 3.66 meters.

2~. Ungate, C. D., D.R.F. Harleman and G. H. Jirka, "Mixing of Submerged Turbu-

lent Jets at Low Reynolds Number," Ralph M. Parsons Laboratory, Report No.

.197, Massachusetts Institute of Technology, Cambridge, 14A, February 1975..



TEST RESULTS-

Data Interpretation

Comparison of concentration plots for tests of the same river and diffuser flow,
discharge buoyancy and geometry indicated that plume structure was generally
reproducable. Plume areas, discharge concentrations and other quantifiable. data
were always of the same order of magnitude for each replicate test but differed
substantially enough that the use of such data was justifiable only in a compar-.
ative order of magnitude analysis. These variations were probably caused by the
stochastic nature of turbulent mixing and the low density and slow scanning rate
of the temperature probes compared to the length scales and frequency of turbu-
lent mixing. These effects are currently being evaluated.

Comparison of concentration plots for tests of the same equivalent slot diffuser
composed of different port diameter and spacings indicated good agreement. Some
tests with large diffuser flow rates showed the effects of boundary layers on the
mid-river boundary of the model. Concentration data in these areas were inter-
preted with caution because viscosity is not scaled correctly in models developed.
according to Froude scaling criteria; however, these effects were apparent out-
side areas of jet induced mixing and did not affect overall results.

Angle of Orientation to River Flow*

Figure 3 shows concentration plots which compare the discharge plume from iden-
tical diffusers oriented at angles of 00, 100 and 90° to the river flow. The
prototype diffuser was 59 m long with a slot width of 1.90 cm discharging 3.7
m3/s at an angle .of 450 from the horizontal. The prototype river flow was 99
m3 /s and prototype river depth was 4.3 m. The relative buoyancy of the discharge
to the river was characterized by g' = 0.05, which corresponds to a temperature
difference of approximately 50C..

Figure 3 shows that the discharge from the diffuser oriented perpendicular to the
river flow achieved a dilution (inverse of discharge concentration) of 12-16 at a
point approximately one diffuser length downstream. The discharge from the dif-
fuser oriented parallel or at a 100 oblique angle to the river flow achieved a
minimum dilution of 7-10 outside an area of jet induced mixing. No significant
difference in dilution or plume structure was indicated between the parallel or
.100 oblique diffuser. In the latter case,. the jet entrainment of water discharged
by jets located farther upstream along the pipe. accounted for the decreased. dilu-.
tion of the parallel and 100 oblique diffusers. All diffusers resulted in ver-
tically mixed conditions downstream of the diffuser.: .The momentum of the dis-
charge from the parallel and 100 oblique diffusers tended to push the discharge
away from the right bank towards the middle of the river. However, the parallel
and 10° oblique diffusers tended to hug the right bank (as defined looking in the
downstream direction) slightly more. than the perpendicular diffusers.

The dilution and plume structure from all three tests were reasonably predicted
by the theory of Adams. 3 ,' The. dilution for the perpendicular and parallel or
100 oblique cases were estimated to be 12 and 9, respectively. The plume was
predicted to be unstable, resulting in vertically mixed conditions.
3. Adams, E. E., "Submerged Multiport Diffusers in Shallow Water With Current,"

-Master'a Thesis, Department of Civil Engineering,. Massachusetts Institute of
Technology, Cambridge, MA, May 1972.

4. Jirka, G., and D.R F. Harleman, "The Mechanics of Submerged Multiport Dif-
fusers for Buoyant Discharges in Shallow Water," Ralph M. Parsons Laboratory
Report No. 169, Massachusetts Institute of Technology, Cambridge, ýLA, March
1973.



Comparison of other tests for the three diffusers where the relative buoyancy of
the discharge to the river is higher (g' = 0.20). indicated that the discharge
tended to stratify downstream of the area of jet induced mixing for a -perpendic-
ular diffuser or in a lateral direction from the area of jet induced mixing for
parallel or 100 oblique diffusers. For the case where the relative buoyancy of

the discharge to the river is smaller (g' = -0.05.; negatively buoyant), the Jet
induced mixing was aided by buoyant forces of the discharge acting in an opposite
direction to upward momentum forces of the discharge jets. Vertically mixed

conditions were usually formed downstream of the diffuser. In cases of a parallel
or 100 oblique diffuser, stratified conditions, where the discharge formed a bottom
layer in the river, sometimes occurred outside the area of. jet induced mixing.

Effect of Higher River Flows

For parallel and 100 oblique diffusers, the test results in Figure 3 at a river
flow of 99 m3 /s show that momentum of the river flow along the diffusers pipe
caused individual jets to entrain previously discharged water from jets located
farther upstream on the diffuser, Tests were conducted for these diffuser's at

a higher river flow when this plume reentrainment was probably increased because
of higher river velocities along the. diffuser pipe.

Figure 4 gives concentration plots for the previously discussed 10o oblique and.

parallel diffuser at a river flow of 255 m3/s. A dilution of approximately 16
was induced by the 100 oblique diffuser while the parallel diffuser induce& a

dilution of approximately 11.. These results indicate that the increased plume
reentrainment caused by higher river velocities was offset by increased river
water available for dilution. In both cases, the discharge was vertically mixed
downstream of the diffuser. . ..

Comparison of the plume structure for the 100 oblique diffuser with the parallel.

diffuser shows that the slightly increased angle of orientation to. the river flow

of the 100 oblique diffuser allowed a larger portion of the river flow to be en-.

trained by the jets over. the 100 oblique diffusers,'resulting in the increased
dilution. Thus the discharge momentum of the 100 oblique diffuser plume was

larger than the discharge momentum of the parallel diffuser plume.. This momentum
forced the 100 oblique diffuser plume farther from the right bank of the river
compared to the parallel diffuser plume, which tended to hug the river bank.

The dilution of the discharges shown in Figure 4 -were underestimated by the theory
of Adams. The dilution from the 100 oblique diffuser was estimated at 10 and the

dilution of the parallel diffuser was estimated at 9. The plume was predicted to

be unstable for all cases, resulting in vertically mixed conditions.

Figure 4 also shows concentration isoquants along the left side of the model for
the parallel diffuser case. These areas were probably caused by boundary layer

effects in the model and were also shown in Figure 3 for the perpendicular dif-
fuser at the 1.5 meter depth.

The effect of the relative.buoyancy of the discharge to the river was also tested
for these diffusers at the higher river flow.. Observations of plume structure

for these tests were similar to those discussed at lower river flows.



CONCLUSIONS

The results of tests conducted in these model studies confirmed that the dilution
achieved by diffusers oriented perpendicularly to the river flow was greater than
the dilution achieved by diffusers oriented, parallel or obliquely to the river
flow. Although the difference in performance was noticeable, the dilution achieved
by any of the diffusers for comparable flow conditions, did not vary by more than
±50 percent..

The magnitude and direction of the momentum of the diffuser discharge relative to
that of the river flow improved the dilution achieved by parallel or slightly
oblique diffusers. This was accomplished by orienting the diffuser. such that the
amount of river water entrained by the diffuser was maximized given other con-
straints on the diffuser location. The orientation of the diffuser also enabled
the location of the discharge plume to be shifted in a direction generally indi-
cated by the vector sum of the river and discharge momentum forces.*

For the cases presented, the jet induced mixing resulted in vertically mixed con-
ditions downstream of the diffuser. For cases where the relative buoyancy of the
diffuser discharge to the river was greater, stratified conditions were formed.
downstream of the diffuser. For cases where the relative buoyancy .of the diffuser
discharge was smaller, the negatively buoyant discharge coupled with upward jet
momentum forces produced vertically mixed conditions downstream of the diffuser.
For parallel or slightly oblique diffusers, negatively buoyant discharges tended
to form stratified conditions., where. the discharge .formed a bottom layer down-
stream of the diffuser.

The results of these studies showed that a slightly oblique diffuser as well as a
perpendicular diffuser could be satisfactorily designed for use at the Watts Bar
Nuclear Plant. Parallel diffusers did not meet design criteria for the. discharge
system because these diffusers tended to cause high discharge concentrations along
the right bank of the river downstream of the plant site.



Table 1

Values of Diffuser Parameters Tested in the Model

Equivalent
Slot Width.B

(cm)

1. h4
1.90
2.63
3.50

Length
.L
(in)

17
.31
61

Angle of
Orientation

to River Flow

Vertical
Angle of
Discharge

9
Flow

QD

1.8

3.6
0
10
9o
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Figure 1: Plan of diffuser model
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Figure 2: Model of prototype river cross-section.

Modele de section transversale de la riviere
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Figure 3: Diffuser discharge concentration plots, R = 99 3/
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Figure 4: Diffuser discharge concentration plots, QR =.255. m3 /s

Graphiques de concentration de debit des diffuseurs, QR = 255 m 3/s


