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I. INTRODUCTION 

The inflow entering a lake or reservoir is probably not precisely 
of the same density as the lake or reservoir. If the density of the 
inflow is less than the receiving water, the inflow will float on the 
surface. If the density of the inflow is greater than that of the 
receiving water, the inflow sinks below the surface, forming a density 
current. This phenomenon is referred to as "plunging" and the location 
where the inflow dives below the surface as the "plunge point" or 
"plunge line." The plunging phenomenon can be defined as the transition 
from open channel flow to a stratified underflow. Information is 
available on underflows (Ashida and Egashira, 1977; Ellison and Turner, 
1959; Turner, 1973) but does not include the plunging process itself. 
The plunging flow can entrain some of the ambient water, thus changing 
the character of the inflow itself. In Minnesota plunging flow can 
occur in the late summer and fall when lakes are still warm from the 
heat absorbed in the summer and the inflowing streams are cool. It also 
occurs after cold weather spells in midsummer. Plunging flow can also 
occur if the excess density of the inflow is produced by suspended 
material or dissolved substances. 

The plunging phenomenon is not fully understood even when the 
receiving water is of uniform density. The situation becomes more 
complex when a plunging flow enters a stratified lake or reservoir where 
the plunging flow will entrain ambient water of increasing density as it 
sinks. Not only will the rate of dilution determine to which depth the 
underflow will sink in a stratified reservoir, lake or impoundment 
(Elder and Wunderlich, 1972), but it is a parameter which controls the 
location of the plunge line. One-dimensional unsteady water quality 
models require knowledge of plunging flow to be able to predict into 
which layer in a stratified lake or reservoir an inflow will enter. 

Akiyama and Stefan (1987) and Farrell and Stefan (1986) provide 
literature reviews of previous work on plunging flows. Akiyama and 
Stefan (1987) list previous studies indicating that the dilution rate of 
plunging flows ranges from 0 to 500% in field studies and 0 to 200% in 
laboratory studies. These reviews, however, indicate that most of the 
previous experimental and analytical work dealt with sloping parallel 
sided (two-dimensional) or unconfined sloping configurations. Akiyama 
and Stefan (1987) conducted experiments and developed an intergral type 
analysis of plunging in a mildly diverging horizontal channel. Farrell 
and Stefan (1986) used numerical analysis to solve the entire flow field 
driven by a plunging flow in a 2-D reservoir. The geometrical 
configurations modeled were either mildly diverging horizontal channels 
or parallel sided sloping channels, which lend themselves to 
two-dimensional analysis. Negatively buoyant flow in a strongly 
diverging channel where the inflow separates from the sidewalls has not 
been the subject of laboratory or analytical studies, probably due to 
the three-dimensional nature of the flow field. 



In order to provide information on plunging flow an experimental 
study dealing primarily with strongly diverging channels (Fig. 1-1) was 
conducted at St. Anthony Falls Hydraulic Laboratory_ This type of flow 
can be related to previous analytical and experimental studies which 
deal with diffuser flow, jet flow, and stratified flow. Previous work 
done in these three subject areas will be related to the experimental 
results presented in the body of this study. In addition, a set of 
field measurements will be reported and related to laboratory 
experimental results. 

2 
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DIVERGING CHANNE[ 
(DIFFUSER) 

LARGE TANK 

Fig. 1-1. Geometrical boundaries of flow field. 
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II. EXPERIMENTAL FACILITY AND PROCEDURES 

A. Experimental Facility 

The experimental study of plunging flows was conducted by running 
cold water through a channel into a large (free surface) tank of warm 
water. The experimental metal tank was 40.5 ft (12.3 m) long, 16.5 ft 
(5 m) wide and 1.3 ft (0.4 m) deep (Fig. 11-1). The tank was lined on 
the sides and bottom with 2 inches of foam insulation covered with 1/4 
inch (0.5 cm) of asphalt. The insulation inhibited the formation of 
temperature gradients at the tank walls. Pea sized gravel (1/4 inch or 
0.5 cm diameter) was placed on the bottom about 2 inches (5 cm) deep to 
keep the foam insulation in place. 

At one end of the tank, there was a 4 ft (1.2 m) by 16.5 ft (5 m) 
stilling basin (Fig. II-I) separated from the main tank by a 4 ft 
(1.2 m) by 16.5 ft (5 m) tank of dead water. A rectangular channel 6 ft 
(1.8 m) long made of plexiglas was placed from the stilling basin to the 
main tank. The width of the channel could be varied from 1.75 inches (4 
cm) to 30 inches (76 cm). The depth in the channel could be up to 4 
inches (10 cm) and was adjusted by means of a weir at the opposite end 
of the experimental tank. This weir also allowed the water to be up to 
16 inches (40 cm) deep in the tank. Behind the weir was a 2 ft (0.6 m) 
by 16.5 ft (5 m) sump. 

Since the experimental facility was intended to model an inflow to 
a lake or reservoir, the tank was equipped with a false bottom or 
"beach" and vertical sides which were extensions of the inflow channel 
bottom and side walls. The slope of the beach could be varied enabling 
the facility to model several bottom slopes and the vertical sides could 
be adjusted so that several divergence angles could be investigated. 
The beach, 12 feet (3.7 m) wide and 16 feet long (4.9 m) long, was made 
of 4 ft by 8 ft(1.2 m by 2.4 m) by 1/4 inch (0.6 cm) asbestos-cement 
sheets bolted to a metal frame. The frame was supported by concrete 
blocks and leveled by metal shims. The sidewalls were made of L shaped 
pieces of plexiglas or metal. The sidewalls were sealed with silicone 
sealant. This arrangement allowed the beach slope to be adjusted to a 
maximum of 3 degrees. The maximum diffuser half-angles was 20 degrees 
for a 16 foot (4.9 m) beach. Diffuser half-angles wider than 20 degrees 
were investigated by shortening the diffuser sides. In this case, . 
vertical sides were sometimes added to the beach edges parallel to the 
inflow channel. 

The experimental facility was equipped with a moveable platform 
4 ft (1.2 m) wide mounted on rails on the tank walls. The 
instrumentation was carried on this platform. A small instrument 
carriage running on a rail on the platform carried temperature and 
velocity sensing probes. The position of the platform along the tank 
and of the carriage along the platform were visually read from pointers 

4 
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running along metal measuring tapes fixed to the tank and platform. The 
sensing probes could be positioned with an accuracy of 1/2 inch (1 cm). 

A skimmer wall, 34 feet (10 m) from the end of the inflow channel, 
was extended over the entire width of the tank and from the tank top to 
within 2 inches of the bottom. The purpose of this skimmer wall was to 
continuously withdraw the (coldest) bottom water from the tank. A 
2 foot (0.6 m) horizontal trough was attached to the skimmer wall about 
I foot (0.3 m) from the tank bottom. Ten guide vanes, 4 foot (1.2 m) 
long were placed on top of the trough. Through this system warm water 
was continuously fed into the tank. 

Figure II-2 shows the path of water flowing through the facility. 
The cold water came from the city water system and could be mixed with 
some warm water to obtain the desired density. The dense cold inflow 
was either metered through a constant head tank for small flows « 0.05 
cfs or 1.4 l/s) or through an orifice meter in a 2 inch pipe for larger 
flows (up to 0.2 cfs or 5.7 l/s). The cold flow entered the main tank 
through a 6 foot (1.8 m) long rectangular channel, simulating a fully 
developed flow. The cold flow entered the tank which was filled with 
warm, less dense, water and plunged. It flowed along the beach bottom 
to the tank bottom and under the skimmer wall to the weir and out of the 
tank. 

Since the plunging flow entrained some warm water and a steady 
state experiment was required, warm water had to be replenished. Some 
of the water in the sump behind the weir was therefore drawn into a 6 
inch (15 cm) plastic pipe and pumped by a 25 HP centrifugal pump through 
a heat exchanger. The heat exchanger was tapped into a steam boiler 
system which heats the building. The temperature of the water was 
controlled by a thermostat which monitors the water temperature leaving 
the heat exchanger and controls the inflow of steam. The warm water was 
discharged onto the horizontal trough upstream of the skimmer wall from 
where it was distributed across the tank through the guide vanes. The 
warm water flow rate was monitored with an orifice meter. 

B. Instrumentation and Calibration 

1. Temperature measurements 

In the experimental flow field, temperature measurements were made 
using 16 YSI thermisters, type 427, mounted at 0.25 inch (6 mm) vertical 
spacing in a rake made from brass tubing. The signals (voltage output) 
from the 16 thermisters were fed through 16 separate amplifiers and a 
"Mountain" brand A/D converter directly into an Apple II plus computer. 
The A/D converter was placed in slot 4 of the Apple motherboard. The 
amplifiers used prior to March 1986 were constructed to sense a single 
25 degree Celsius band (O°C to 25°C or 10°C to 35°C). Later tests were 
conducted using a new amplifier which contained five ranges of 23 
Celsius each (0-23°, 5-28°, 10-33°, 15-38°, 20-43°C). The voltage 
output (-5 to +5 volts) was converted to an integer from a to 256 in the 
Apple memory. This part of the system could be considered to be 
accurate to 0.1 C since 25 deg/256 is about O.loC. The output from each 
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probe was calibrated against a mercury thermometer (O.tOc graduation) 
and fitted to a quadratic expression. Figure 11-3 shows an example of 
fit obtained. 

The calibration consisted of a three step process. First a cold 
(2°C) water bath was prepared. The thermister rake was placed in the 
water bath. The thermisters were scanned with the computer while the 
mercury thermometer was read visually. The output was either recorded 
on the printer (single range amplifier) or recorded on floppy disk 
(multi-range amplifier). When all readings were completed, the water 
bath was warmed 1° to 1.SoC for the next readings. The objective of 
this step was to get temperature versus AID output data spread evenly 
throughout the temperature range. 

The second calibration step was the fitting of the temperature vs 
AID output to a quadratic expression. The data was either entered from 
the keyboard or read from the floppy disk. A least squares fit was used 
to calculate the coefficients a, band c in the equation 

T a + b(AD) + c(AD)2 

where AD = the analog to digital output integer from 0 to 2S6, T = 
temperature in degress Celsius. 

(II-I) 

The coefficients a, b, c were either recorded on the printer 
(single range amplified) or on floppy disk (multi-range amplifier). 

The third step was to check the temperature sampling program after 
the calibration coefficients a,b,c had been included. The coefficients 
were either put directly into the sampling program (single range 
amplifier) or read into the Apple memory from the floppy disk at the 
beginning of the program (multi-range amplifier). The water bath was 
again heated through a range of temperatures and recorded values were 
spot checked against the direct mercury thermometer readings. The 
system was found to be accurate to within 0.2°C. Three Applesoft (Basic 
language) programs used in the calibration are listed in the appendix. 

Within the sampling program, the thermisters were sampled at a 
rate of 30 times in 30 seconds (one per second). Averages and standard 
deviations were calculated from the readings and stored on floppy disk 
by the sampling program. The three sampling programs are listed in the 
appendix. The first program was quite slow. The second program (used 
until Feb. 1986), a streamlined version, was compiled and would run 
quite quickly, reducing the time required for experiments. The third 
program was modified for the new (multi-range) amplifier and for taking 
data profiles deeper than the temperature rake's depth. 

Five type 402 YS1 thermisters connected to a YSI direct readout 
telethermometer were used to monitor the temperature in the tank and 
inflow channel during an experiment. One probe was placed at the 
beginning of the inflow channel, two probes at the outlet of the hot 
water pipe, and one probe at the end of the beach near the water 
surface, and one near the side of the tank. 
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2. Velocity measurements 

Very low velocities (0.5 to 10 cm/s) in a temperature stratified, 
horizontal flow had to be measured. Velocity measurements were made 
by two techniques. The first method used a probe described b.y Ellis and 
Stefan (1986). This device used a light beam to sense the travel time 
of hydrogen bubbles from a fixed distance upstream. The device was 
calibrated in a towing channel and could measure velocities from 0.5 to 
2 cm/s. This was used in the case of a horizontal bottom where 
velocities were slow and vertical resolution was important. An example 
of a measured velocity profile will be given in the next chapter. 
Hydrogen bubbles from a wire placed at 45 degrees were used to determine 
the point of zero velocity in this case as described by Ellis (1986). 
All readings were recorded by hand. 

The underflow velocities on a sloping bottom were fast enough (> 2 
cm/s) so that a Delft miniature propeller (diameter 15 rom flow meter, 
W.V.M. type) could be used. The Delft frequency output was converted to 
a voltage and amplified and filtered with a Precision Filters, Inc. 602 
dual anti alias filter. The voltage output was fed into the Apple 
computer via one channel of the A/D converter. The system allowed for 
rapid sampling, reduction of data to averages and standard deviations 
and storage of large amounts of velocity data. The signal was 
calibrated using a towing channel. The calibration program as well as 
the sampling program for the Delft propeller meter are contained in the 
appendix. Occasionally the propeller became fouled with small bubbles. 
In that case a soap solution was used to reduce the surface tension so 
that the bubbles would be shed. 

3. Flow visualization 

Food dye was added uniformly to the cold 
ambient warm water (red) to follow the flow. 
showed the maximum spread of the cold water. 
color illustrated the plunge line. Dyes were 
alternatively. 

water inflow (blue) or the 
Blue areas seen from above 
The edge of the warm (red) 
usually introduced 

Color slides (EM ASA 160 film) were taken of dye in the flow field 
with a 35 rom Nikon camera with a 18 rom wide angle lense placed 6.5 ft (1 
m) above the water surface and 5 ft (1.5 m) downstream of the end of the 
inlet channel. The aperture was set at four and the shutter speed at 
1/30 of a second. In addition, a color video camera was placed 6 ft 
(1.8 m) above and 12 ft (3.7 m) downstream from the inlet channel. It 
recorded the movement of dye placed in the inflow or in the ambient 
water. Examples of an overhead view of the flow are shown in Fig. II-4. 
Parts a, b, and c of Figure 11-4 show the upstream progress with time of 
the ambient (red) water as entrainment of the ambient water occurs. 
Parts d, e, f, g show the downstream progress of the dense underflow. 
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Fig. II-4. Example of water 
movement traces by dye. A, 
B, and C show the progressive 
upstream movement of the 
dyed (red) warm ambient 
water. D, E, F, and G show 
the progressive downstream 
movement of cold dense inflow 
with dye (blue). The inflow 
separates and attaches to one 
wall. 



C. Experimental Procedures 

Each experiment required at least a day to complete, at times 
extending for more than 12 hours. Usually three to four hours were 
required to achieve steady-state flow. The hot and cold water flow 
rates and temperatures were set to provide the desired inflow 
densimetric Froude number, F ,which is defined in the next section. 

o At times it was necessary to increase the temperature of the cold water 
supply to raise the cold inflow to the tank above 4°C. For extremely 
buoyant flows the temperatures were raised to a steeper part of the 
density-temperature curve. The water inflow rate was selected to 
provide an inflow Reynolds number (defined in Section D) of at least 
10,000. The experimental conditions were monitored with temperature 
probes at fixed conditions in the tank and orifice meters until steady 
state conditions were obtained and every 30 minutes over the course of 
the experiment. Small adjustments were made during the experiments to 
maintain steady-state flows and temperatures. 

Velocity measurements were taken in at least one cross section in 
the stratified part of the flow field downstream of the plunging region. 
Velocities were measured in the underflow and if possible in the ambient 
return flow above the zero velocity point. Velocities were measured 
five times at every location and the average reported. Faster 
velocities (> 2 cm/s) could be measured with the Delft propeller meter. 
The propeller was oriented perpendicularly to the direction of flow and 
the flow angle was noted. The zero velocity point was located by 
observing the elevation where the propeller did not rotate. The 
velocity of the underflow was taken at 1 to 2 em spacings vertically in 
the underflow, and if possible in the ambient return flow. The 
propeller velocity measurements could be rapidly reduced and stored on 
floppy disk while the experiment was in progress. The mean velocity 
data and profile were displayed on the printer. Velocity measurements 
were taken at 3 to 5 transverse locations in the cross section depending 
on the diffuser angle. An example will be given in Fig. 111-7. 

Temperature profiles (vertical) were measured with the data 
acquisition system described earlier at up to 120 locations along the 
centerline of the diverging. channel and in many transverse sections 
(Fig. 11-5). The measurements began by storing some general parameters 
of the flow field. The temperature rake was located so that one probe 
would rest on the water surface. The horizontal coordinates locating 
the position of the probe were ~ntered manually on the keyboard. If the 
depth was greater than the rake depth, the number of vertical positions 
and the elevation of the water surface were also entered. When the 
temperature sampling was complete, the probe was moved to a new vertical. 
position if necessary. When the complete temperature profile was 
measured, the depth, temperature, and standard deviation were displayed, 
printed, and stored on floppy disk. 

An example of a measured temperature profile is given in Fig. 11-6 
and a plot of isotherms derived from a complete set of data in Fig. 
11-7. 
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D. Independent Variables 

1. Measured (monitored) independent variables 

H := depth of inflow channel 
0 

B = width of inflow channel 
0 

L '" length of beach 

<5 '" divergence half angle of channel 

a '" slope of bottom 

Qo '" inflow rate 

T '" 0 
inflow water temperature 

T = ambient water temperature a 

2. Calculated independent variables 

Po '" density of inflow 

Pa = density of ambient water 

Po - Pa 
g' = g = reduced acceleration of gravity 

Po 

"0 
A o 

= inflow kinematic viscosity 

H B o 0 

AR = Bo/Ho inflow channel aspect ratio 

L/Ho '" length of beach ratio 

'" U (g'H )1/2 = inflow densimetric 
o 0 

F o 
Re o = U H I" = inflow Reynolds number 

000 

16 

Froude number 



III. EXPERIMENTAL RESULTS FOR PLUNGING FLOW 

IN A HORIZONTAL DIVERGING CHANNEL 

Negatively buoyant flow was studied in a horizontal diverging 
laboratory channel. The configuration is shown in Fig. III-I. Akiyama 
and Stefan (1984) reported that theoretically mild and steep slopes can 
exist relating to plunging flows. Although it is a simplified . 
geometrical situation, the horizontal beach can be thought of as an 
extremely mild slope. It provides systematic results in a simplified 
geometry yet may be applicable to many field situations which have small 
bottom slopes (B < 1°). 

Before plunging occurs the inflow is first and foremost a diffuser 
flow. The inflow in a diffuser can separate from the diffuser walls to 
form large unsteady eddies that partially block the diffuser flow. This 
separation of the flow is called "diffuser stalL" After plunging, the 
flow becomes a stratified flow. 

Within the diffuser-like flow field a separated flow can be divided 
into a jet-like region and the recirculation (stalled) region(s). Jet 
flow theory may be used to approximate what is happening inside the jet 
part of the flow field. 

In this chapter previous classifications of nonbuoyant flows in 
two-dimensions (slot) diffusers (Reneau et a1., 1967) will be related to 
the flow regimes observed with negatively buoyant flow in a horizontal 
diffuser. In addition, the observed increase in flow rate throughout a 
plunging region in a horizontal strongly diverging channel, and the 
measured distances to plunging, will be reported and related to inflow 
and geometrical parameters, such as F and AR. 

o 

A. Flow Patterns and Flow Regimes 

1. Flow regimes 

The negatively buoyant (plunging) flow from a horizontal constant 
width channel into a diverging channel is first and foremost a diffuser 
flow. In a diffuser, the pressure gradient opposes the flow. As a 
result, the boundary layer in a diffuser decelerates and thickens 
rapidly and can separate from the diffuser walls to form large unsteady 
eddies that partially block the diffuser flow. This separation of flow 
from the diffuser walls is called "diffuse.r stall." It is one of the 
most important aspects of flow from a uniform channel into a widening 
channel or reservoir. 

In arldition to being a diffuser flow, the flow studied here is 
subject to two other major effects. One of these is the shear stress on 
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Fig. III-I. Flow field boundaries in horizontal channel 
experiments. 
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the channel bottom which causes the development of a boundary layer and 
vorticity in a vertical plane. The second is buoyancy which can 
strongly affect the distribution of flow in the diffuser. 

One of the most striking features of a flow in a diffuser is 
"diffuser stall." Diffuser stall results in highly non-uniform velocity 
distributions in the diffuser and is a function of 1) the diffuser inlet 
conditions, 2) the diffuser exit conditions, 3) the Reynolds number, and 
most important, 4) the diffuser geometry (Blevins, 1983). Over wide 
ranges of turbulent flow (Reynolds number, based on inlet flow velocity 
and inlet diameter, in excess of 50,000), the stall characteristics are 
primarily a function of diffuser geometry (Reneau et al., 1967). 

The parameters shown in Fig. 111-2 are those that have a large 
influence on the flow regimes. These regimes are not as distinct as 
implied by Fig. 111-2 but rather "blend into one another" (Blevins, 
1983). The line "b-b" in Fig. 111-2 can be influenced by Reynolds 
number. The line "a-a" appears to be independent of Reynolds number. 
The flow patterns were the same in open water-channel tests at Re = 3000 
to 10,000 and in air-diffuser tests at Re = 100,000. Fig. 111-2 refers 
to a two-dimensional flow with inlet width/depth ratio less than 0.25, 
and with thin inlet boundary layers. In the experiments described here, 
the (turbulent) boundary layers will drop line "a-a" by about 1-2 
degrees (Reneau et a1., 1967). 

Two-dimensional flow in a diverging channel was studied by Jeffery 
(1915) and Hamel (1916). A complete analytical solution for laminar 
flow was given by Rosenhead (1940). He showed that the flow can be 
completely characterized by a Reynolds number, Re, and the half-angle of 
divergence, a , and in particular that the angle which marks the 
inception of separated flow, as , is given by a Re = 27 (a in 

s s degrees). Townsend (1961) applied turbulent boundary theory to 
diverging flow in a 2-D duct and found that separation occurs 
theoretically at a divergence half angle 0 = 4.3 independent of Reynolds 
number. Nikuradse (1929) observed symmetrical velocity profiles in 
diffusers with divergence half-angles less than 4°, separation with no 
backflow at 5°, and separation with backflow at 6° and 8°. Kline (1959) 
expanded Nikuradse's experimental study using much wider diffuser 
angles. l:le found no appreciable stall for the full angles from 1° to 
10°, transitory stall for full angles from 15° to 20°, fully developed 
stall for full angles from 25° to 50°, and jet flow for full angles 
greater than 50°. 

The plunging inflow in a diverging horizontal channel can remain 
attached to the diffuser walls, become a wall jet (one stalled region), 
or become a jet flow along the centerline of the diffuser (two stalled; 
regions). These flows are illustrated in Fig. 111-3; detail of these 
types of flows were described and documented by Johnson et a1. (1987a, 
1987b). At a sufficient distance downstream from the inflow, all of 
these plunging flows become two-layered and stratified, filling the 
entire width of the channel. 

At small diffuser half-angles (0 < 7°) no separation of the inflow 
from the walls occurs. The inflow remains attached to both sides of the 
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diffuser. No stalled region forms. The negatively buoyant inflow 
plunges under the ambient fluid at some distance x from the beginning 
of the diffuser. Little if any mixing occurs. p 

At larger diffuser angles, flow separation and stall develop. One 
or two stalled regions can occur, depending on the diffuser angle and 
buoyancy. In non-buoyant diffuser flow with stall, the flow field can 
conceptually be divided into two parts, a jet flow region and the 
recirculation or stalled region(s). The jet flow can be either a "wall 
jet" or a "free jet," depending on whether one or two stalled regions 
are present. The recirculation (stalled) region(s) form between the 
"jet" and the opposite diffuser wall(s), as shown in Fig. 111-3. When 
the inflow is negatively buoyant, the jet flow region assumes some 
characteristics of a plume. The inflow not only entrains fluid from the 
stalled region, but also spreads laterally, sliding under part or all of 
the stalled region(s). When the negative buoyancy is very strong, the 
recirculation (stalled) region can be totally eliminated by transvers.e 
spreading near the bottom while the recirculation region still remains 
near the surface. The negatively buoyant inflow eventually plunges. 
The plungeline can be thought of as the locus of stagnation points on 
the water surface. Still further downstream a fully stratified 
underflow forms, covering the entire width of the diffuser. The 
stratified flow forms the downstream boundary of any recirculation 
region on the bottom of the diffuser. Near the surface, ambient fluid 
moves upstream, over the underflow and replenishes the fluid entrained 
by the jet. 

2. Prediction of flow regimes 

A detailed account of observed plunging flow regimes in a diverging 
channel was given by johnson et al. (1987a and 1987b). In particular 
Figs. 10 through 13 of the first reference can be used to predict flow 
regimes as a function of the independent variables F , ~, and AR. It is 
desirable to provide information on flow regimes in g single graph such 
as given by Reneau et al. (1967) for non-buoyant flows (Fig. 111-2). 
For non-buoyant flows, the length of the diffuser is a parameter which 
determines flow regime. When buoyancy is added to the flow, the 
situation becomes much more complex. To use the available information 
for non-buoyant flows one can consider replacing the parameter LIB 
(length of diffuser) in Reneau et aL's (1967) paper by the parameter 
(xp/Bo) for negatively buoyant flows. The rationale for this is that 
downstream from x the flow field is no longer a diffuser flow but is 
rather dominated by stratified flow features. The distance to plunging 
therefore indicates the approximate effective length of the diffuser. 
Using experimental data, Fig. 111-4 has been developed. Although 
approximate, this figure identifies observed negatively buoyant diffuser 
flows in terms of Reneau's diagram. The free jets observed in plunging 
flows compare favorably with Reneau's free jet regime. The wall jet 
regime compares with Reneau's fully developed stall regime. The lines 
separating flow regimes on Fig. 111-4 have been simplified by averaging 
lines "a-a" and "b-b" from Reneau's diagram to obtain the separation of 
attached flows and wall jets, and by using and extending "d-d" to obtain 
the separation of free jets and wall jets. A curve has been drawn 
(dotted) to distinguish between flows where recirculation in the 
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underflow is present from those where a recirculation region does not 
exi.Rt. At large diffuser angles the minimum length of the jet flow 
regl.lllc Ls ttu~ dlfltllllce of the core regIon. Albertson et 81.. (1950) 
determined the core region of slot jets to be x/B '" 5.2. The separa
tion between underflow with "stall" and underflowowith "no stall" should 
approach a value of Xp/Bo = 5. The length of the core region could be 
shorter than Albertson et al.'s due to the boundary layers in the inflow 
channel. At small angles and large distances to plunging, the dotted 
line should approach the curve separating attached flows and wall jets. 
Figure 111-4 can be used to determine approximately which flow regime 
will occur. 

B. Entrainment and Dilution 

As a dense inflow enters a body of water in a horizontal diffuser, 
the plunging flow entrains some of the less dense ambient water. The 
entrainment changes the density of the inflowing water. The plunging 
process could be viewed as the transition from a well mixed inflow of 
one density to a stratified underflow of another density. Underflow 
velocity distributions were measured at x = xm (Fig. 1II-5) and 
integrated over the area to give ~, the underflow rate at x. ~ is 
corrected for entrainment in the uniformly stratified underf"fow part of 
the flow field downstream of the plunge region to give the flow rate 
Qd just downstream from the plunge point. The flow velocity measurement 
techniques have been described by Ellis (1986) and Ellis and Stefan 
(1986). The velocity profile integration technique was described by 
Ellis (1986) and the method for the correction of ~ to obtain Qd is 
reviewed here. 

1. Method of velocity and flow rate measurements in 
underflow after plunging 

The most direct method of determining layer flow rates and hence 
the entrainment is to measure the velocity profile over depth at the 
position Xm and to integrate those velocities over the layer depth. 
Figure 111-6 illustrates this procedure. If the flow is truly 
two .... dimensional, one need only mUltiply the integrated velocities 
(qa and qm) by the channel width B to determine Qam and Qm. In 
the experiments, however, the flows observed have rarely been 
two-dimensional. Due to this non-uniformity of velocities across the 
channel width, it was necessary to measure a number of velocity profiles 
at various positions transverse to the flow at x=xm• Consequently, the 
flow rates Qm and Qam were usually determined by dividing the 
transverse section at x=xm into·subsections, determining each 
subsection's flow rate (as outlined above), and adding all subsection 
flow rates to yield the total flow rate. 

An example of measured velocity profiles used to determine layer 
averaged flow rates is shown in Fig. 111-7. Velocities were determined 
using the hydrogen bubble (time of travel) technique. 

Figure 111-8 is an example of the experimental configuration (plan 
view) and data point locations which generated the velocity profiles 
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Fig. 111-6. Schematic of velocity profiles in flow after plunging. 
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Fig. 111-8. Plan view of diverging channel showing locations 
where velocity profiles were measu~ed. 
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shown in Fig. 1H-7. The layer flow rates Qam tn th(~ alnhlent return 
.flow and Qm in the underflow were calculated as follows: 

Qam = r2.3(.0158 cfs) + 2(.0329 cfs) + 2.3(.0333)]/6.6 = .027 cfs 

Qm = [2.3(.0994 cfs) + 2(.0969 cfs) + 2.3(.0861 cfs)]/6.6 = 0.94 cfs 

The continuity error (CE) is defined as 

CE = (III-I) 

In this example the inflow rate (Q ) is 0.064 cfs and the continuity 
o error is 3.2%. The use of the hydrogen bubble velocity meter provided 

superior vertical resolution and low flow measurements of ~reater 
accuracy than those taken by conventionally available instruments. The 
maximum error in vertical spacing is 1 nun. The maximum error in the 
velocity measurement using the hydrogen bubble velocity meter is 0.1 
cm/sec in the 1 to 8 cm/s range. The maximum error in velocity due to 
orientation of the probe is 4% (Ellis and Stefan, 1986). Since error 
due to spatial resolution is small (0.1%), the major errors in the 
determination of the underflow are credited to the errors in velocity 
measurements. The flow rate error would then be less than 14%. Another 
check of the overall performance of the flow rate determination is a 
check of continuity. The return velocites are usually the slowest and 
therefore subject to the largest percent error. The continuity check of 
the runs listed in Table 111-1 vary from 0.4% to 36.2% error with most of 
the error less than 14%. 

The underflow rate (~/Q ) is dependent on the distance from the 
inlet channel to the cross segUon at which it is measured. The 
underflow rate just downstream from plunging (Q /Q ) is that related to 
the ftow from the inflow entrance up to and inc~ud~ng the plunge region. 
It includes ambient water entrained laterally if the flow before the 
plunge point is a separated flow as well as water entrained vertically 
as plunging occurs. Bulk underflow ratio (Q /Q ) was measured .5 ft 
(.15 m) from the end of the 16ft (4.8 m) loWg ~ed (Le. at x=lS.S ft 
(4.7 m». Q /Q incorporates both the water entrained in the plunging 
region as we!l gs that of the underflow (stratified flow) that follows 
the plunge region. 

The flow rate Qm at the end of the underflow region was· 
determined for several experimental conditions. In order to calculate 
the underflow rate downstream from plunging (Qd/Qo)' it is necessary to 
derive an expression relating Qm and Qd (see Fig. 111-5). This was done 
in the following manner: In a horizontal stratified flow, entrainment 
velocity can be expressed by the relationship (Ashida and Egashira, 
1977) • 
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Date F 
0 

2/13/85 3.86 
4/10/85 2.10 

9/18/85 3.99 
9/25/85 1.88 

10/18/85 11;7 

4/1/85 3.87 
12/10/85 2.75 

4/3/85 1.97 

10/11/85 10.3 
10/16/85 3.40 
12/18/85 3.40 
12/l2/85 2.74 
12/12/85* 2.72 
12/17/85 1.97 
10/9/85 1.76 

10/21/85* 17;3 

4/16/85 3.81 
12/4/85 2.74 
12/4/85* 2.72 
11/19/86* 2.72 

4/12/85 2.01 
11/19/85* 1.80 

4/19/85 1.98 
4/24/85 1.79 
6/13/85 4.15 
6/18/85 2.58 
6/12/85 1.70 

5/1/85 4.09 
5/8/85 2.40 
4/29/85 1.78 

8/22/85 2.30 
8/2/85 1.80 
7/3/85 1.67 

6/5/85* 21.0 

5/3/85 11.5 

5/29/85 4.5 
5/13/85 1.75 

* No sides 

** Value of 

TRBLE 111-1. EXPERIMENTAL DATA FOR PLUNGING FLOW IN A 
DIVERGING HORIZONTAL CHANNEL 

Re ho Bo AR Il Qo x Qa ~ CE x m p 

(ft) (ft) (degrees) (cfs) (ft) (cfs) (cfs) (%) (ft) 

10,500 .310 .146 .47 3 .024 15.5 .0025 .0275 3.6 7.5 
11,000 .306 .146 .48 3 .0215 7.0 .003 .0277 11.6 

15.5 .0063 .0345 19.4 3.5 
10,300 .316 .146 .46 10 .017 15.5 **** .0267 **** 5 
11,200 .315 .146 .46 10 .019 6 .0128 .0331 3.9 

15.5 **** .0370 **** 1 
H,800 .316 .146 .46 20 .023 5.5 **** .381 **** *** 

10.5 **** .0447 **** *** 
15.5 **** .0567 **** *** 

10,500 .304 .146 .48 20 .021 15.5 .0374 .0603 3.2 11 
10,100 .313 .146 .47 20 .0205 7.5 .0222 .0445 4.0 4.75 

10,200 .306 .146 .48 20 .021 6.0 .0278 .0512 4.7 
15.0 .0427 .0682 6.6 1.3 

9,935 .318 .146 .46 45 .019 15.5 **** .0730 **** *** 
10,270 .306 .146 .48 45 .020 15.5 .0411 .0584 4.6 7.5 
9,922 .309 .146 .47 45-R .0205 6.0 .0261 .0449 3.8 3.13 

10,100 .312 .146 .47 45 .020 7.5 .0407 .0564 7.6 4.25 
10,100 .312 .146 .47 45 .020 Rm",7.5 .0268 .0734 36.2 3.25 
10,200 .307 .146 .48 45-R .0205 5.0 .0298 .0498 1.0 .87 

9,860 .316 .146 .46 45 .019 5.0 .0434 .0818 23.7 .75 

9,970 .314 .146 .46 90 .019 5 **** .0531 **** *** 
10 **** .0744 **** *** 

10,000 .305 .146 .48 90 .021 15.5 .0321 .0645 17.1 12.0 
9.980 .313 .146 .47 90 .0205 9 .0481 .0635 8.0 5.5 

10,000 .313 .146 .47 90 .0205 Rma 7.5 **** .0915 **** 4.5 
9,550 .315 .146 .46 90 .0215 Rm"'7.5 **** .0914 **** 4.25 

10,200 .306 .146 .48 90 .021 15.5 .0538 .0786 4.8 1.5 
9,500 .314 .146 .46 90 .0215 Rm"'2.5 **** .0828 **** .75 

10,600 .311 .563 1.81 3 .081 15.5 .004 .084 1.2 12.5 
10,100 .315 .563 1.78 3 .072 15.5 .0055 .0772 0.4 10.0 
10,060 .314 .563 1.79 11 .063 15.5 ,016 .089 11.2 *** 
10,200 .318 .563 1.77 11 .064 15.5 .024 .085 3.5 10.0 
10,200 .315 .563 1.79 11 .064 7.0 .017 .086 

15.5 .027 .094 5.8 4.0 
10,200 .310 .563 1.81 20 .075 15.5 .0354 .1353 3.2 *** 
10,600 .317 .563 1.79 20 .076 15.5 .0556 .1205 18.4 9.5 
10,100 .320 .563 1.76 20 .073 7.4 .0427 .1075 9.2 

15.5 .0384 .1243 7.6 3.5 
9,900 .320 .563 1.76 45 .055 15.5 .0538 .0964 10.4 11.5 

10,700 .315 .563 1.79 45 .057 15.5 .0605 .111 12.9 3.0 
10,000 .320 .563 1.76 45 .059 6.0 .048 .111 5.9 2.5 

15.5 .058 .097 3.6 
10,200 .317 .563 1.77 90 .066 4.0 **** .097 **** 

15.5 **** .150 **** *** 
10,000 .316 .563 1.78 90 .064 4.0 **** .1290 **** 

15.5 **** .1268 **** *** 
10,600 .316 .563 1.711 90 .074 15.5 .0495 .1471 16.0 *** 
10,500 .315 .563 1.79 90 .069 15.5 .0772 .1290 13.3 6.5 

on beach. R indicates rounded transition from 
channel to diffuser. 

at 6' used. 

Qd 

(cfs) 

.0257 

.0281 

.0243 

.338 
*** 
*** 
*** 

.0583 
**** 

.0504 
*** 

.0572 
***** 
***** 
***** 
***** 
.0783 

*** 
*** 

.0627 
*"!*** 
***iriIr 
***** 

.0725 
' **** 

.082 

.075 
***. 

.083 

.089 
*** 

.1156 

.1101 

.0955 

.106 

.111 
:ri* 

*** 

*** 
*** 

.1268 

~ Rm indicates radius at which entrainment 
*** Plunging incomplete on beach; ~ used to calculate E was measured. 

p 

**** Return flow not measured. 

***** Stratified flow correction not used. 
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Ed 

1.07 

1.34 
1.46 

1.78 
1.66 
1.94 
2.47 

2.77 
2.17 

2.40 
3.84 
2.86 
2.19 
2.82 
3.67 
2.43 
4.12 

2 .• 80 
3.92 

2.99 
3.10 
4.46 
4.25 

3.45 
3.85 

1.01 
1.04 
1.41 
1.28 

1.41 
1.80 
1.58 

1.51 
1.74 
1.86 
1.87 
**' 

2.27 

1.98 
1.99 
1.54 



where 

u (x) 
e ~ f(Ri) ~ .0015 

U(x) Ri 

U r.r entrainment velocity; 
e 
U = mixed layer (underflow) velocity; 

Ri == g'(x)h == Richardson number 
(U(x»2 

h == mixed layer thickness 

gl(X) ~ gAp(x)/P a where Ap(x) == Pro(x) - Pa 

P == mixed layer density; p == ambient density; ro ..' a 
Q(x) =U(x) B(x)h = underflow flow rate 

The data from which Eq. 111-2 was derived were in the range 
0.05 < Ri < 100. Continuity of mass flow is given by 

and continuity of buoyancy 

ApQ == Bf == constant buoyancy flux 

Substitution and rearrangement yields 

~= .0015 Pa Q4 

dx g Bf B2 h4 

(111-2) 

.(111-3 ) 

(III-4 ) 

(111-5) 

One defines a virtual distance x ~ x + Bo/(2 tan 0), then B(x) == axv ; 
where a = 2 tan o. With h == conslant (assumed), substitution and 
rearrangement gives, 

dQ = .0015 Pa dx 

Q4 g Bf h\l x~ 
(111-6 ) 

After integration and with the boundary condition Q=Qm at X=xm, the flow 
rate after plunging Qd at x == xd ' becomes 
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1 .0045 P 
Q = [ _ + a 

d Q3 g Bf h If 0 2 
m 

(III-7) 

Thus, the mixed layer flow rate ata point just downstream of the 
plunging (Qd) could be calculated from the measured mixed layer flow 
rate near tfie end of the bed (Q). In separated or otherwise asymmetric 
flows, xd was particularly diffTcult to define. For convenience x was 
substitufed for xd• x is defined as the furthest intrusion of d~e 
inflow into the ambienP water at the surface (Fig. 111-5). If it is 
assumed that x N xd then all parameters in Eq. 111-7 were either known 
or could be cal8ulated from experimental data. The constant buoyancy 
flux, Bf , could be found from the inlet conditions as 

where Apo = Po - Pa ' 

Pa = ambient density, 

p = inlet water density, and o 
Qo = inlet flow rate. 

(111-8) 

h was taken as the longitudinally averaged zero velocity depth 
(measured) in the underflow region. In most cases, Qro. and Qd were only 
slightly different, indicating that underflow entrainment was minimal. 
Thus the error involved in the substitution ofxp for xd is minimal. 

2. Dilution of a plunging flow 

It has been observed that the total dilution of the plunging inflow 
increases substantially when the flow becomes separated from the wall. 
It is therefore believed that the free shear and mixing layers of the 
wall jet or free jet within the diffuser produce much of the entrainment 
and that much of that entrainment is by horizontal flow. The effect of 
buoyancy is to modify the entrainment. 

In first approximation, the entire experimental configuration can 
be considered as a horizontal slice of an infinitely deep vertical slot 
jet. Figure 111-9 is a schematic of this horizontal slice. There are, 
however, differences between a diverging open channel and a free slot 
jet: 

(a) there is a shear stress between the water and the bottom 
of the slice (channel bottom), 

(b) there is shear stress between the water and the walls of 
the diffuser, 
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Fig. III~9. Schematic of a horizontal slice of a slot diffuser. 
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(c) there are gravity and negative buoyancy forces trans
verse to the slice, 

(d) the slot width is very large compared to the usual 
slot width given in reference studies, 

(e) the water depth in the channel is finite, 

(f) the inflow channel in this study is assumed to have 
fully developed boundary layers while the two-dimensional 
jets are assumed to have thin inflow boundary layers (i.e. 
Uo = uniform inflow velocity). 

If these effects prove significant, slot jet or wall jet theory 
will inadequately predict the inflow behavior. To determine whether 
this is the case, experiments were conducted with non-buoyant and 
negatively buoyant inflow conditions, and the results, grouped according 
to whether they resulted in free jet flows or wall jets, were compared 
with slot jet equations. 

There exists a significant amount of literature on plane (slot) jet 
flows from which the following relationships have been retained. 
Non-buoyant jet flow theory yields relationships relating velocity, 
width, and flow rates in two-dimensional slot jets to the distance from 
the orifice. These relationships are (Albertson et al., 1950; Fischer 
et al., 1979; Rajaratnam, 1976): 

(III-9) 

(III-lO) 

(111-11) 

where U maximum velocity on jet axis m 
U = mean velocity a discharge 

0 

x = distance from virtual origin (taken to be 

distance from inflow channel) 

B discharge width 
0 

b jet width at x 

Qo = flow rate at discharge 

Q = flow rate at x. 

C1, C2, C3 = empirical coefficients 

These relationships are valid for both free jets and wall jets. In much 
of the literature, distances are normalized using half the slot width 

34 



for free jets and the full slot width for wall jets. In this study~ all 
distances are normalized with the full width B of the slot (Figs. 111-1 o 
and 1II-5). 

Experiments with non-buoyant inflows were conducted in the 
experimental facility. Non-buoyant inflow entering a diverging channel 
with the half-angle 8 = 90 0 formed a free jet and the measured 
cumulative flow rate (Qm/Qo) with distance compared favorably with 
equation 111-11 if C = 0.5. Nonbuoyant inflow entering a diverging 
channel with the hal~-angle 8 = 20 0 formed a wall jet and the measured 
cumulative flow rate (Qm/Qo) with distance compared favorably with 
equation 111-11 if C3 is 0.25. The data and equation 111-11 with C3 at 
0.5 and 0.25 are plotted in Fig. 111-10. The close agreement in trend 
as well as values of flow rates is surprising given the significant 
differences listed above between open channel experiments and the theory 
and experimental situations which generated the coefficients 0.5 and 
0.25. 

Apparently the shear stress exerted on the fluid by walls and 
bottom is small and momentum is (for practical purposes) conserved. 
Also the existence of developed inflow channel boundary layers does not 
seem to be a significant factor~ although it may have affected the flow 
field in the core region and the core length. The finite water depth 
may not be a problem if the water is entrained at right angles to the 
jet. Finally the angles chosen (0 = 20 0 and 0 = 90 0 ) were probably 
large enough so that the entrainment needs of the jet were not 
"starved" by the sidewalls~ Le. the return flow was not inhibited by 
the inflow jet. The jets do not seem to feel the finiteness of the 
receiving fluid field. 

Since total dilution of non-buoyant inflow entering a diverging 
channel differs little from the two-dimensional wall jet and free jet 
theory, plunging flow dilution can be compared to two-dimensional jet 
flow theory if two assumptions are made: 

(1) entrainment of ambient fluid occurs before the 
jet plunges (x = xp) and 

(2) the diffuser wa11s do not inhibit the upstream 
flow of ambient water. 

The assumption that entrainment occurs in the jet-like region 
before plunging can be supported by the observation that the entrainment 
mechanism 'o1ould not need to work against gravity whereas after plunging 
occurs, vertical entrainment would require energy dissipation since the 
entrainment mechanism would work against gravity. In addition, the data 
show that total dilution by non-separated plunging flows at small angles 
of divergence 8 is small (Table III-I). Deviations from jet flow 
theory occurs, however, especially for extremely buoyant flows. The 
data for separated flows for free jets and wall jets as well as 
equations with C = 0.5 and 0.25 are shown in Fig. 111-11. Flows with 
high buoyancy an~ large angles plunge rapidly and entrain more ambient 
water than non-buoyant flows in similar diffusers. As the buoyancy 
decreases, the cumulative flow rate approaches that for free and wall 
jets (Fig. 111-11). 
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It is apparent that the flow regime is a major factor in 
entrainment. The non-separated flows entrain the least amount of 
ambient fluid, wall jets entrain substantially more and free jets 
entrain nearly double that of wall jets. Geometries which affect the 
flow regime, will affect the rate of entrainment of a plunging flow. 
Two examples of geometries which affect the flow regimes are 1) limited 
diffuser width and 2) rounded transition from channel to the diffuser. 

The flow field which occurs in the case of a diffuser of limited 
width is illustrated in Fig. 111-12. The geometry consists of an inflow 
channel, diffuser walls, and straight walls parallel to the inflow 
channel. If the negatively buoyant inflow reattaches to the parallel 
side walls before plunging, entrainment occurs from one shear face. The 
cumulative flow rate is similar to that of a wall jet. If the inflow 
plunges before reattaching to the sidewalls, the entrainment occurs from 
two shear faces. The cumulative flow rate is similar to that of free 
jets. Figure 111-13 illustrates the relationship between cumulative 
flow rate and plunge polnt distance for this type of flow. Large 
dilution rates occur at low densimetric Froude numbers where plunging 
occurs quickly. As reattachment occurs the dilution rate decreases 
until the two-dimensional wall jet theory begins to describe the 
process. 

It has been shown (Johnson et al., 1987a) that the inflow regime is 
affected by a rounded transition from the inflow channel to the 
diffuser. Specifically, for the large transition radius (Ro/Bo = 28) 
investigated, separation first occurs at larger angles, and wall jets 
occur through a greater range of angles, when compared to diffusers with 
sharp transitions. The flow field of a rounded transition 45° half 
angle diffuser is illustrated in Fig. III-14. The inflow separates and 
attaches to one wall behaving as a wall jet. The cumulative flow rate 
therefore is identical to that in a 20° diffuser with a sharp transition 
as illustrated in Figure III-IS. 

Aspect ratio of the inflow channel (AR) is also a factor in 
entrainment. At small aspect ratios dilution rate should approach that 
given by the jet equation (III-II). Figures 111-16 and 111-17 contain 
data for aspect ratios of 1.8 and 0.5. The data does not collapse when 
cumulative flow rate is plotted as a function of the distance to 
plunging. A collapse of the data can be accomplished by rearranging 
equation III-II, where x = xp and Q = Qp and Q = Qd ' to 

Q /Q (AR)l/4 = C (x /IX- ) 1/2 
d 0 3 p 0 

(111-12) 

The data are plotted on Fig. 111-18 and Fig. 111-19 with the parameters 
x /IX- and Qd/Qo (AR)1/4 on the two axis, and as expected the data for 

p 0 --
tne two aspect ratios of 0.5 and 1.8 collapse. The parameter xp/IAo 
Is consistent with the analysis of bluff jets by Rajaratnam (1976). The 
major difference is flow regime. In Fig. 111-18, the flow regime for 
the 20° diffusers remains the same for both aspect ratios. The 
cumulative underflow rate collapses on one curve. The underflow rate 
measured at large angles occurred in the geometrical configuration shown 
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in Fig. 111-12. Even though the parallel side walls were far froln the 
inflow channel, reattachment could occur more easily for the large 
aspect ratios. Therefore the situations are not geometrically similar. 
The inflow behaves, for the large aspect ratios as a wall jet. The 
cumulative underflow rates measured for the large aspect ratios, 
therefore, are similar to those measured in 20° angle diffusers. 

In summary, the study of dilution rates of plunging flows in a 
horizontal diverging channel shows that the flow regime is a major 
factor in determining the dilution rate of a plunging flow. The 
diffuser geometry affects flow regime. The regime in turn affects the 
rate of dilution of a plunging flow. Some of the geometrical parameters 
which affect the flow regime are diffuser half angle, diffuser length, 
and the transition from inflow channel to diffuser. In addition, much 
of the dilution of a plunging flow occurs before plunging from a 
jet-like entrainment mechanism. Jet flow equations have therefore been 
used herein successfully to estimate the dilution of a plunging flow 
(negatively buoyant) in a horizontal open channel diffuser under certain 
c.ondi tions. 

C. Distance to Plunging 

1 •.. Jet flow model for plunge point analysis 
., 

Since the pre-plunging, separated flows have jet-like features, jet 
flow models have therefore been used to analyze the plunge-point data 
given in Table 111-1. Conservation of mass and buoyancy between the 
inflow section (subscript zero) and any cross section (subscript i) can 
be expressed as 

(111-13) 

(111-14) 

where 

APi = Pi - Pa (111-15) 

Qai and Pa refer to the flow rate and density of the ambient water 
entrained by the flow between x = 0 and x = Xi' 

Using the flow rate for the jet upstream from plunging 

where Ui = mean flow velocity in cross section i. bi = Width of jet * B 
in Fig. 111-20 and the assumption that PolPa ~ 1, a relationship between 
densimetric. Froude numbers Fo and Fp at the plunging section 
(subscript p) in Fig. 111-20 can be developed. 
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F = F (b /B )1/2(U /~ )3/2 
pop 0 p 0 

(IlI-17) 

The above equations use only parameters averaged within the jet cross 
section for Ui and APi. Centerline velocity (Umi and width bi of a 
fully submerged slot jet are related to distance ~i by 

(III-18) 

and (IH-19) 

respectively (Fischer et a1., 1979; Rajaratnam, 1976), where C1 and C2 
are experimentally determined constants. The velocity Ui , the cross 
sectional average across the width of the jet where Umi , is a 
centerline value. The two are related by the equations 

00 

(III-20) 

where fen) is a velocity distribution function (approx. Guassian) and 
n ~ y/b is a normalized transverse coordinate. 

00 

(111-21) 

(III-22) 

By substitution of 111-18, 111-19, and 111-22 into 111-17 one obtains 
with Xi = xp, bi = bp' and Ui = Up , 

(111-23) 

where 

-1 c3/2 
C4 = C2 3 (111-24) 

Equation 111-23 is a theoretical relationship between location of 
the plunge point (Xp/Bo), inflow densimetric Froude number (Fo) and the 
value of the densimetric Froude number (Fp) in the cross section going 
through the plunge point. 
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The experimental plunge- point data given in Fig. 111-21 can be 
interpreted in terms of Eq. 111-23. The data in Fig. 111-21 were 
therefore plotted on logarithmic scales including wall jets as well as 
free jets. The one-fourth exponent on (xp/Bo) in Eq. 111-23 matches the 
data well, and the parameter Fp/C4 is found to be 1.18. Therefore the 
equation 

'+ x /B == 0.52 F P 0 0 
(11I-25) 

describes the location of the plunge point for separated flows in terms 
of the inflow condition Fo' 

Figure 111-21 indicates that a slot jet model can be used to 
predict plunge point location, even though that model ignores: (a) all 
buoyancy effects transverse to the flow and (b) the bottom boundary 
layer in the diffuser. At x = xp the flow is in fac t already vertically 
stratified on at least one side of the plunge point, yet the depth 
averaged behavior used in the theory must be dominant over 
stratification effects. 

2. Effect of inflow channel aspect ratio 

The use of slot jet equations requires the use of a reference 
length. Bo was chosen in the preceding section. Another choice would 
be the length t = lAo where Ao is the cross-sectional area of the 
inflow channel. This would be consistent with the analysis of 
three-dimensional bluff jets (Rajaratnam, 1976). The data plotted as 
xp/IAo against inflow densimetric Froude number generated two lines 
depending on aspect ratio. 

Non-dimensionalizing the plunge point data collected in the 
horizontal diffuser with respect to lAo illustrates the dependence of 
the plunge point location on aspect ratio. Equation 111-25 becomes 

- It x II A = 0.52 F P 0 0 
(AR)1/2 (1II-26) 

Figure 111-22 shows this equation and the experimental data for two 
aspect ratios (0.5 and 1.8). 
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IV. EXPERIMENTAL RESULTS FOR PLUNGING FLOW 

IN A SLOPING DIVERGING CHANNEL 

In the previous section, the results of experiments documenting nega
tively buoyant flow in a horizontal diverging channel were reported. The 
flow regimes were related to two-dimensional diffuser flow and the entrain
ment rate and the distance to plunging was related to two-dimensional jet 
flow theory. Although instructive, the geometry may be an oversimplified 
representation of mild conditions and therefore limited in its applicabi
lity. The experimental configuration was extremely helpful in 
un:ierstanding the flow behavior and relating the results to similar 
experimental situations and theory. 

In civil engineering applications, a negatively buoyant inflow would 
encounter a sloping bottom as well as a diverging channel (Fig IV-1). The 
sloping bottom adds another degree of freedom which further complicates the 
three-dimensional nature of a plunging flow. In addition, the downstream 
underflow can be described as subcritical or supercritical, depending on 
the bottom slope being mild or steep. The nature of the underflow can 
affect the plunge point (Akiyama and Stefan, 1984). A beach angle of 30 is 
the maximum slope available in the experimental facility with the full 
beach length (5 m or 16 ft). The 3 degree slope could be used to test 
steep slope conditions since the Richardson number of the downstream flow 
is less than 1. In addition, S = 30 is small enough that no separation on 
the bottom in the horizontal plane should occur. 

Experiments were conducted with a sloping beach of S = 30 and with 
diffuser half-angles of 0 = 00 ,0 = 10 0 , 0 = 20 0 , and 0 = 90 0 and with the 
inflow aspect ration of 1.8. The experimental conditions are listed in 
Table IV-1. 

Two types of experiments were conducted. In the first type flow pat
terns were observed and photographed, and the plunge point locations noted. 
Several densimetric Froude numbers in a diffuser with a given half angle 
were tested. During the second type of experiment, temperature and velo
city profiles were taken at several cross sections in the diffuser. The 
plunge point was recorded, and the densimetric Froude number has held 
constant. 

A. Flow Patterns and Flow Regimes 

The three flow regimes (attached flows, wall jets, free jets) should 
also be found in sloping beach geometries, if the bottom slope does not 
become so steep that separation frotn the bottom occurs. Indeed, attached 
flow was observed in a sloping channel within parallel sidewalls (0=0 0 ). 

(Slightly diverging sloping channels were not investigated.) At diffuser 
half angles of 0 = 10 0 and 0 = 20 0 and bottom slope of B = 3° wall jets 
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were observed. The most striking difference between wall jets in a sloping 
diffuser and a horizontal diffuser is the recirculation region between the 
wall jet and the opposite diffuser wall. In the horizontal diffuser, this 
was a dominant flow feature. The flow reattached downstream from the 
plunge point (Fig. IV-2a). Separation of the underflow from the side walls 
occurred in the sloping diffuser only at higher densimetric Froude numbers 
than was observed in the horizontal diffuser. Also the recirculation 
region was observed to be smaller and the reattachment point was observed 
upstream from the plunge point (Fig. IV-2b). 

An accounting of the forces involved in these situation can provide an 
explanation of the observations. The low pressure within the wall jet 
tends to pull water into the jet and drives the recirculation region. In 
contrast the negative buoyancy drives material from the jet along the bot
tom and tends to eliminate the recirculation region. On the horizontal 
bottom the dense underflow can be swept upstream by the pressure forces. 
On a sloping bottom the pressure forces need to carry the dense underflow 
layer up the slope against the force of gravity. To form a recirculation 
region on a sloping bottom buoyancy forces must be weak. 

The flow patterns can be illustrated in plots of the isotherms. The 
isotherms have been non-dimensionalized by the equation 

T - T 
a 

T' = ::---:=-
T - T o a 

(IV-I) 

The isotherm plots, shown in Figs. IV-3, IV-4, IV-S, IV-6, IV-7, and IV-S, 
are cross sections through the diffuser looking in downstream direction. 
As the inflow enters the diffuser, the flow attaches to one side where 15 = 
20°. Some of the inflow slips sideways under the ambient warm water. 
Farther downstream the flow plunges completely forming an underflow (Fig. 
IV-3). If the buoyancy is high (low inflow densimetric Froude number) the 
flow plunges quickly upon entering the diffuser and forms an underflow 
layer (Fig. IV-4). Similar plots of isotherms shown in Figs. IV-S and IV-6 
are for a 0 = 10° diffuser. Flow patterns are similar but there is less 
space for the return flow. When the inflow diffuser half-angle is 90° (and 
the slope 3°) the inflow enters as a jet. At some distance downstream the 
jet plunges. The spreading of the negatively buoyant jet under the ambient 
fluid is illustrated fot different Froude numbers in Figs. IV-7 and IV-S. 

B. Entrainment and Dilution 

One of the most important results of the plunging flow study was the 
entrainment rate during plunging. The entrainment rate during plunging 
determines the dilution of inflow contaminates as well as the level to 
which the plunging flow will sink in a stratified lake or reservoir. 
Typically the preplunging flow will entrain fluid by jet mixing, whereas 
the underflow after plunging will continue to entrain ambient fluid by 
stratified flow mechanisms as it proceeds down the slope. The entrainment 
of the underflow can be substantial as the underflow gains energy by moving 
down the slope. At some point downstream, the underflow should become a 
normal flow. The normal flow is defined as an underflow with a constant 
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Richardson number (Ri). This constant Richardson number is defined as the 
normal Richardson number (Rin). 

The experimental data can be used in the determination of a charac
teristic underflow thickness, velocity and temperature. These can be 
calculated frolll equations 4-21 to 4-23 of Akiyama and Stefan (1987) pro
vided the shape factors (f1, f2, f3) are 1. Rearranging those equations 
yields 

where 

z 

Z 
B 

o 

Z 
'8 

2 u dz 

UTh = J ut dz 
Z o 

U = characteristic underflow velocity 

h = characteristic underflow thickness 

T = characteristic underflow temperature 

u = local velocity 

t = local temperature 

z = depth cordinate 

zB = bottom depth 

Zo = zero velocity depth 

(IV-2) 

(IV-3) 

(IV-4) 

Figure IV-9 illustrates the process of determining a characteristic 
underflow layer depth, velocity and temperature from equations IV-2, IV-3, 
and IV-4 at a single vertical section. Vertical velocity profiles were 
measured with a Delft propeller meter and vertical temperature profiles 
were measured with the data' collection system described previously. 
Measurements were made in each of several cross-sections. The layer depth, 
velocity, and temperature were integrated transversely in each cross sec
tion. These bulk numbers allow for the calculation of mean dilution at 
any cross section and for the calculation of a Richardson number, which is 
characterized by the mean components of the underflow. 

An underflow layer Richardson number can be defined in terms of these 
characteristic layer values. 
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Ri = (IV-S) 

where ~p = PT - Pa 

PT = density at temperature T. 

The underflow rate is therefore 

Q = UBh (lV-6) 

where B = width of the diffuser, 

Figures IV-10 to IV-13 show the Richardson number, the inverse of the 
cumulative underflow rate, the layer thickness, the layer velocity, and the 
layer temperature as a function of distance from the inflow channel. In 
diffusers with ~ = 20° and 8 = 10° with a bottom slope of 3°, the flow rate 
increases, the velocity decreases and the temperature increases with 
distance. In cases with higher inflow densimetric Froude numbers (less 
buoyancy), the Richardson number and the layer thickness also decrease with 
distance as shown in Figures IV-ll and IV-13. The inflows with strong 
buoyancy (low densimentric Froude numbers) plunge quickly. The Richardson 
number tends to become constant with distance (Figs IV-10 and IV-l2), which 
is consistent with the theory that the underflow should approach a normal 
flow. 

In order to obtain a collapse 
Richardson number was plotted with 
at plunging the underflow begins. 
the Richardson numbers tend to 0.3 

of the Richardson number data, the 
respect to distance from plunging since 
The data shown in Fig. IV-14 shows that 
at distances (xm - xp)//Ao of about 25. 

The entrainment rate, ue/U, of the underflow after plunging has been 
plotted against Richardson number (Fig. IV-1S). The Richardson numbers are 
lower and the entrainment rate is higher in the diverging sloping channel 
than in the parallel sided sloping channel. The data are clustered in a 
tight group. The trend seems to be vaguely contrary to the theory that 
ue "" l/Ri. The data does, however, fall within the scatter of other 
researchers' data (Garcia, 1985; Ashida and Egashi.ra, 1977b; Lofquist, 
1960; Ellison and Turner, 1955). 

The difference could be due to the fact that the measurements were 
made in a rapidly varying flow while the theory was derived for uniform 
flow. The underflow does approach uniform flow toward the end of the 
experimental facility, but the bulk of the measurements were made in the 
region where the flow was rapidly changing as illustrated by the changing 
Richardson numbers. The rapid variation could cause increased entrainment 
by the rapid decrease in underflow thickness and the dissipation by mixing 
of the kinetic energy gained by the fall. In addition, the velocities in 
the shear layer on which entrainment depends would not be characterized 
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adequately in the rapidly varying flow of the plunge region by the mean 
velocity of the underflow in the x direction. The mean velocity that is 
\111('(\ t n the R:I ehllrdAon numbor. definition is the mean of the x compolH'nt of 
the velocity. Actllnl veloei.tleR could he h:l.8hor. 

Figure IV-16 illustrates four regions of the plunging flow in itR 
transition from an open channel flow to an underflow. The four regions are 
~uniform channel flow," diverging channel flow (weakly diverging diffuser), 
or jet flow (strongly diverging diffuser), the plunge region, and the 
underflow region. If no separation occurs, the flow in the diverging chan
nel upstream from plunging will not entrain ambient water. If jet flow 
occurs upstream from plunging the jet flow region is characterized by large 
entrainment occurring horizontally after the flow has separated from at 
least one channel wall. In the plunge region, the flow dives under the 
surface at the plunge point. There is a rapid change in the flow thickness 
as buoyancy flattens the flow to fill the entire channel. Since the 
preplunging flow is internally subcritical and the slope is steep causing 
the downstream flow to be internally supercritical, the flow must pass 
through a critical section in the plunge region. Downstream the flow will 
obtain a normal Richardson number Ri which is a characteristic of the 

n underflow region. The Richardson number should approach the Rin asymp-
totically. One-dimensional equations can be derived and used to compute 
characteristics of the underflow from the critical section to the sections 
downstream. 

Model 0: Determination of Dilution at Plunging by Linear Extrapolation 

When the experimental data are plotted the cumulative flow rate of the 
underflow appears to vary linearly with distance. As a first approximation 
cumulative flow rate of the plunging flow up to and including plunging was 
determined by extrapolating linearly from the measured flow rates backwards 
(upstream) to the plunge point. Figure IV-17 illustrates the measured 
cumulative flow rate and extrapolation for a slope of 30 and divergence 
half angle of 20 0 • Table IV-I shows the cumulative flow rate and estimated 
flow rate at plunging for experiments with 0 = 10 0 and 0 = 20 0 • Most of 
the underflow measurements vary linearly with distance as shown in Figs 
IV-18 to IV-20. The measurements in the 0 = 90 0 diffuser, however, follow 
a less well defined trend, probably because the boundaries are less well 
defined (Figs. IV-21 and IV-22). 

In order to better understand the pre-plunging entrainment mechanism, 
a test with non-buoyant inflow entering a diverging (0 = 20 0 ) and sloping 
(8 = 30) channel was conducted. The non-buoyant flow entered the diverging 
channel, separated and formed a wall jet. The average width of the jet was 
determined by dye streak observations. The width determination is somewhat 
arbitrary due to the fluctuating nature of the shear layer on the edge of a 
jet. Figure IV-23 shows the width of the jet plotted as a function of the 
non-dimensional length from the inflow channel. The width appears to grow 
linearly with distance, which is consistent with Rajaratnam's (1976) state
ments concerning jets (i.e. B ~ x). The flow rate was determined by 
integrating the measured velocity profiles over the width of the jet. The 
cumulative flow rate is plotted against distance in Figure IV-24 and 
appears to vary linearly with distance from the inflow channel which is 
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nl::l0 consiRtent with Rajaratnam's (1976) analysis of jet flow. The cumula
tive flow rate just downstream from plunging for the plunging flowa 
(negatively buoyant) with ~ m 20° falls near the entrainment data for non
buoyant flows when plotted on Fig. lV-24. 

The linear relationships for entrainment before and after plunging 
lend themselves to combination in one figure. The pre-plunging flow 
behavior may be much like non-buoyant jets and the underflow behavior much 
like stratified flow. Figure IV-25 is an example. The cumulative flow 
rate would follow the jet flow line until plunging occurs, then it follows 
the appropriate stratified flow line for the glv~n inflow densimetric 
Froude number. The slope of the stratified flow line approximates that of 
the non-buoyant case as the densimetric Froude number increases. There 
does seem to be a discontinuity in the flow rate at plunging for the Fo = 4 
case. This could be due to measurement error or some mechanism other than 
the jet flow entrainment mechanism. 

Model I and Model II; Determination of entrainment at plunging using 
momentum and continuity. 

In the previous section the determ:i.nation of the cumulative flow rate 
at plunging was determined by extrapolating upstream to the plunge point a 
best fit line through the cumulative underflow data. This best fit line 
may describe the cumulative flow rate versus distance in the short range of 
the data, but this straight line may be part of a function of small cur
vature. Equations can be derived to describe the cumulative flow rate ver
sus distance curve using momentum and continuity. 

Modell: Constant buoyancy flux 

Th~ continuity equation is 

dQ(x) = B(x) ue(x)~x 

where Q(x) = the cumulative flow rate 

B(x) = the width of the diffuser 

ue(x) = the entrainment velocity. 

All of these variables are functions of x. B(x) is defined from the 
geometry as 

B(x) = ax 

where a = 2tan~ 

(IV-S) 

This assumes that the underflow remains attached to the diffuser walls. x 
is measured from a virtual origin. The entrainment velocity is assumed to 
be 
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where 

u (x) '" e 

Cl 
R:I.(x) U(x) 

R:I.(x) '" underflow Richardson number 

U(x) characteristics underflow velocity. 

Richardson number is defined as 

where 

g t.p (x) hex) 
Pa 

R:I.(x) '" ----
U2 (x) 

hex) '" characteristic thickness of the underflow layer 

t.p(x) "'P(x) -Pa 

p(x) '" density of the underflow layer. 

Since it is assumed that the buoyancy flux is constant, then 

= t.p (x) Q(x) '" t.p Q o 0 

(IV-9) 

(lV~lO) 

(IV-ll) 

In addition the flow rate can be determined by the cross-sectional area of 
the underflow at x and the characteristic flow rate or 

Q(x) U(x) hex) B(x) (IV-1Z) 

Substituting equations IV-8, IV-9, IV-10, IV-II and IV-12 into equation 
IV-7 and simplifying yields an equation describing the continuity or 

where 

d Q(x) '" Cz dx (IV-13 ) 

Another equation is necessary relating hex) and Q(x). ~omentum provides this 
equation. The momentum equation is 
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d J (x)h(x)B(x) 
--~~d~x~~~~= gh(x) B(x) SinB - 21pg B(x) Cos e 

a 

2 
d h (x) 8p(X) _ Cf U2 (x) B(x) 

dx (IV-14) 

The first term on the right hand side of the equation represents the 
gravity force which accelerates the underflow; the second term represents 
force caused by pressure change due to the change in underflow thickness; 
and the third represents a friction force. Cf is the friction coefficient 
which combines the effect of the interface and bottom shear. This equation 
also assumes thatp is nearly constant and approximately equal to 1. 
Substituting equations IV-8, IV-11 and IV-12 into equation IV-l4 and 
simplifying yields 

where 

Q2 (x) 
d ( xh(x) ) == C h(x) x _ C (dh2 (x)/Q(x») 

dx 3 Q(x) 4 x dx 

8p 
g --~ Q (,,2 sin(3 

Pa 0 

1 IIp 0 
= - g --- Q a 2 cosS 2 p 0 

a 

Equation IV-lS can be expanded and rearranged to form 

2h(x) 2 2 _ h(x) _ C ( _ C h (x)x ) dQ(x) 

dh(x) Q(x) 4 Q4 (x) dx x 3 
= dx 

2x2 h3 (x) 1 - C 4 Q3 (x) 

- C 
f 

x2h3 (x) 

Q3(x) 

(IV-1S) 

+ Cf 
(IV-16) 

Equation IV-l6 and equation IV-13 can be 
relationship between Q(x), h(x), and x. 
such as Ri(x), U(x), and T(x), will also 
by-products of the computation. 

solved simultaneously to provide a 
From that relationship parameters 
be determined as a function of x as 

Model II: Conservation of heat 

A similar set of equations can be derived assuming conservation of 
heat rather than conservation of buoyancy. In a simplified approximate 
form, conservation of heat can be expressed with the excess temperature or 

llT Q = llT(x) Q(x) o 0 
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where 6.T ;0: excess temperature of inflow ... T T 
0 a 0 

T ;:: inflow temperature 
0 

Qo ;:: inflow rate 

6.T(x) ;:: excess temperature at a cross section x ;:: T - T(x) a 
T(x) ;:: mean temperature at x 

Q(x) ;:: flow rate at x 

Using this equation for conservation of heat, the continuity equation 
becomes 

where 

dQ(x) 
dx 

3 
;:: C. Q (x) 

5 6.p (x) hit (x) l 

C1P a 
Cs =--

2 ga 

6.p(x) = P (x) - P a 

P (x) = f (T(x») 

(IV-18) 

3 The function describing density (g/cm ) as a function of temperature (OC) 
is obtained from Dorsey (1940) or 

(T+288.9414) (T-3.9863)2 
P = (T+68.12963) 508929.2 

3 (g/cm ) (IV-19) 

The momentum equation yields an equation for the underflow thickness 
or 

dh(x) 
dx 

where 

2h(x) dQ(x) _ hex) _ 
C3 

h3 (x) x2 

Q(x) dx x Q2 (x) 
2 3 

1 - 2 C4 
x h (x) 6.p 

_ 1 g 2 
C4 - 2" P a cos ~ 

a 

Q2 (x) 

6.p + C4 
X2h2 (x) d6.p + G 

Q2(x) dx f 
(IV-20) 

These two equations can be solved simultaneously for hex) and Q(x) 
calculating from an upstream section to a downstream section. Again Ri(x), 
T(x), U(x) are by-products of the computation. 

87 



It should be noted that the use of excess temperature to approximate 
conservation of heat assumes P ... Pa ". Po .,. 1. A more correct equation 
describing conservation of heat in an element with no conductive losses is 

CpT Q + CpT dQ = CpT Q p in in in p a a p out out out 
(IV-21) 

where Cp is the specific heat of liquid water which is 1 cal g-1 °C-1 • 

This equation yields 

(IV-22) 

This equation can be solved for Tout using a numerical scheme, but was not 
done here. 

Comparison of computations and experimental results 

The two systems of one-dimensional equations (Model I and Model II) 
were solved using a Runge-Kutta routine and compared to the experimental 
data. The step size was chosen to be dx/{Ao = .024. If the calculations 
begin at an experimental data point, only two parameters, C1 and Cf need 
to be determined. Figure IV-26 shows the results of Models I and II. When 
comparing the cumulative flow rate and Richardson number, the predictions 
are quite similar in the downstream part of the flow. The Richardson 
number of the beginning point was not computed correctly with Model I. 

,The models can be used to determine the entrainment at plunging by 
fitting the calculation against the experimental data. The calculation was 
started at the critical section and proceeded downstream, much as backwater 
profiles are computed in open channel flow. It is assumed that the criti
cal section is very close to the plunge point so that the plunge point can 
be used as the starting point for the computation. Model I gives inade
quate results with this assumption; the Richardson number and underflow 
thickness becom~ negative. (These negative results could be due to the 
step size chosen.) Model II gives better results for Ri and Q/Qo. The 
cumulative flow rate is modeled adequately. The Richardson number gives 
poor results near the plunge point but approaches a constant as the com
putation proceeds. Figures IV-27, IV-28, IV-29 , and IV-30 show the com
puted and experimental values for Ri and Q/Qo for the experiments conducted 
with 15 = 10° or 15 = 20° and a = 3°. The value of C1 was chosen to be .0045 
(about 3 times bigger than the value determined by Ashida and Egashira). 
The value of Cf was chosen to be 0.01. 

C. Distance to Plunging 

The location where a negatively buoyant flow dives under the ambient 
water is called plunge point and is an important parameter in water quality 
modeling. It is necessary to predict the distance to plunging from the 
independent variables which describe the inflow momentum and buoyancy and 
the diffuser geometry. 
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An equation relating the inflow densimetric Froude number to the 
distance to plunging can be developed for a sloping and strongly diverging 
channel from the conservation of mass and buoyancy in much the way as was 
done for the strongly diverging horizontal diffuser. The basic assumption 
is that the preplunging behavior of the negatively buoyant inflow Is 
jet-like and that the inflow separates from one or both side walls and 
entrains ambient fluid horizontally. Conservation of mass and buoyancy 
between the inflow section (subscript 0) and any cross section downstream 
(subscript i) can be expressed as 

(IV-23) 

(IV-24) 

where ~Pi = Pi - Pa • 

Qai and Pa refer to the flow rate and density of the ambient water 
entrained by the flow between x = 0 and x = xi. The flow rate of the jet 
upstream of the plunging can be described as 

Qi = Ui bi Hi (IV-25) 

where Ui = average velocity of the jet 

bi = width of the jet 

Hi = depth of the jet 

A relationship between the inflow densimetric Froude number Fo and the 
densimetric Froude number at xi (Fi) can be developed. 

F2 o 

Q 3 H 3 b 2 
( -2.) (...!.) (Hi) 

Qi Ho 0 
(IV-26) 

If no separation from the channel bottom occurs, the preplunging depth of 
the jet is 

(IV-27) 

Froln jet theory (Rajaratnam, 1976) the width and the flow rate can be 
related to distance or 
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(IV-28) 

At section p (plunging) where x ~ x with j variable from 0.5 (horizontal 
I-D flow) to 1.0 (axisymmetric flow) an equation for distance to plunging 
x can be found by substituting equations IV-27, IV-28, and IV-29 into 
I~-26. Using j ~ 1 (because the experimental cumulative flow data fit 
bluff jets or axisymmetric jets) the result is 

(IV-30) 

The constant C is the square root of the products of the constants which 
relate bi and Qi/QC:-to the distance xiII Ao. The value of C may be a 
function of ~ and AR. If C Fp (si~)1.5AR·75 were a constant, then 

F '" o 

x 
--2.. 
IA o 

(IV-31) 

The distance to plunging for the experiments with ~ = 3° and AR = 1.8 are 
plotted in Figure IV-31. The data plots near a line 

x 
F = 1.28 + 0.136 ~ (IV-32) 

o IA 
o 

for half angles ~ ~ 10°, 20°, 90°. Since the constant 0.136 may depend on 
the slope a and the aspect ratio (AR), the equation is peculiar to 
these experiments. The distance to plunging can be described by the 
equation 

x 
--R = 7.35 (F - 1.28) 
IA 0 

o 

(IV-33) 

This equation breaks down near the inflow channel since it indicates 
supercritica1 flow at plunging if plunging occurs near the channel (i.e. at 
xpllAo = 0, Fp ~ Fo ~ 1.28). In addition, this equation is based on jet 
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• 

flow theory. A jet does ~ot emerge in its fully dev~oped form, but must 
develop with distance from the inflow channel. ~plIAo ~ 5 is probably the 
minimum value for which this equation is valid • 
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V. FIELD STUDY OF PLUNGING FLOW AT METRO EFFLUENT OUTFALL 

A. Site Description and Measurements 

A plunging flow phenomena has been observed at the Metro Wastewater 
Treatment Plant in St. Paul, MN, where the effluent is discharged into 
the Mississippi River at river mile 835.3 (about 4 miles southeast of 
downtown St. Paul, Minnesota). Throughout the year the effluent can be 
positively or negatively buoyant relative the the Mississippi River. 
The effluent water temperature typically varies from 55°F (13°C) to 75°F 
(24°C) in the course of a year, while the Mississippi river water varies 
over a much greater temperature range (32° - 80°F or 0° - 27°C, Stefan, 
1982). Figure V-1 shows the effluent and river water temperature 
throughout the year in 1975. In the summer months when the effluent is 
cooler than the river, the effluent plunges and forms a stratified 
underflow in the main river channel. 

The Metro effluent is discharged from a natural diverging channel 
into the Mississippi River. The diffuser can be considered as a 22° 
half angle diffuser about 500 feet (150 m) long. The bottom slope is 
variable but averages 2° over the entire length of the diffuser. Slopes 
as steep as S° are present in regions of the diffuser. A bathymetric 
map of the effluent region is given in Figure V-2. 

Measurements were taken across the diffuser mouth (see Fig. V-2) 
twice in 1984. The measurements inc!¥ded the magnitude of the water 
velocity, chlorine concentration (Cl ), dissolved oxygen concentration 
(DO), conductivity (K) and temperature (T). Measurements were taken 
from a boat teathered by a rope placed in the cross sections shown on 
Figure V-2. Measurements were taken at 1 meter vertical increments and 
at several stations across the diffuser mouth. Tables V-1, V-2 and 
V-3, contain the data from the field measurements. The concentration 
and temperature measurements recorded in Tables V-I and V-2 were 
non-dimensionalized according to the equation 

C - C a 
C' = -::---=-C - C o a 

where C' = non-dimensiona1ized concentration or temperature, 

C = average concentration at a point 

C ambient (river concentration) 
a 

C inflow (plant effluent) concentration 
o 

(V-1) 

The densimetric Froude number was determined for the effluent. The 
inflow densimetric Froude number is defined as in the laboratory or 
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TABLE V-1. FIELD MEASUREMENTS of 8/22/84 

D:Lstance 
from left 
llllilk lleplh 1" \)0' K' Cl' hh II uflA e' ueM lie' flA/Q 

() 

P't) ~11I~ ft?' f:PIl eru 

50 0.2 0.26 0.22 0.18 0.14 98.4 0.36 35. /1 0.20 7.1 
1.0 0.56 0.56 0.62 0.44 102.1 0.49 50.0 0.55 27.5 
1.5 0.56 0.56 0.51 169.0 0.40 67.6 0.55 31.2 
2.0 0.67 0.75 0.73 0.61 0.69 

100 0.2 0.08 O.ll 0.12 0.22 98.4 0.47 46.3 0.13 6.0 
1.0 0.15 0.15 0.13 0.30 147.6 0.38 56.1 0.18 10.1 
2.0 0.26 0.26 0.30 0.33 164.0 0.35 57.4 0.29 16.7 
3.0 0.51 0.61 0.58 0.69 164.0 0.46 75.4 0.60 45.3 
4.0 0.56 0.60 0.63 0.70 137.8 0.42 57.9 0.62 35.9 
5.0 0.62 0.65 0.68 0.75 44.3 0.67 29.7 0.67 19.9 

150 0.2 0.08 -0.01 0.01 0.03 98.4 0.55 54.1 0.03 1.6 
1.0 0.05 0.04 0.05 0.07 147.6 0.53 78.2 0.05 3.9 
2.0 0.08 0.09 0.0 0.10 164.0 0.53 86.6 0.07 6.1 
3.0 0.33 0.22 0.36 0.32 164.0 0.26 42.7 0.31 13.3 
4.0 0.54 0.43 0.56 0.54 123.0 0.59 72.6 0.52 37.7 
4.5 0.49 0.44 0.54 0.65 98.4 0.40 39.4 0.53 20.9 
4.8 Bottom 

200 0.2 0.08 -0.02 0.01 0.07 98.4 0.47 46.3 0.04 1.9 
1.0 0.18 0.11 0.21 0.19 147.6 0.29 42.8 0.17 7.3 
2.0 0.28 0.23 0.29 0.24 164.0 0.28 45.9 0.26 1l.9 
3.0 0.31 0.25 0.39 0.42 164.0 0.20 32.8 0.34 11.2 
4.0 0.38 0.45 0.39 164.0 0.33 54.1 0.41 22.2 
5.0 0.51 0.47 0.55 77.9 0.38 29.6 0.51 15.1 

<,. 250 0.2 0.03 -0.01 0.01 98.4 0.40 39.4 0.01 0.4 
1.0 0.03 -0.01 0.06 147.6 0.44 65.0 0.02 1.3 
2.0 0.22 0.22 0.17 164.0 0.36 59.1 0.21 12.4 
3.0 0.31 0.28 0.32 164.0 0.28 45.9 0.30 13.8 
4.0 0.49 0.47 0.55 152.6 0.52 79.4 0.50 39.7 
5.0 0.59 0.63 0.67 53.3 0.24 12.8 0.63 8.1 

300 0.2 0 -0.01 0.02 98.4 0.31 30.5 0 0 
1.0 0 0 0.04 147.6 0.36 53.1 0.01 0.5 
2.0 0.03 0.01 0.00 160.8 0.42 67.5 0.01 0.7 
3.0 0.28 0.28 0.28 100.5 0.35 35.2 0.28 9.8 
3.3 Bottom 

350 0.2 . 0.05 -0.01 -0.01 78.7 0.22 17.3 0.01 0.2 
1.0 0.05 0 0.02 123.4 0.15 18.5 0.02 0.4 
1.3 }3ottom 

Summation 1625 440.1 1.03 

C' < 0.1 557 17 .0 0.04 

C > 0.1 1068 423.1 0.99 

,. C' < 0.2 702 40.4 0.09 

C' > 0.2 923 399.7 0.93 

Inflow 428 1 428 1 
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TABLE V-2. FIELD MEASUREMENTS of 8/30/84 

Distance 
from left 
Bank Depth T' DO' K' Cl' fJ.A u uAA C' uC'DA uC'AA/Qo 

( ft) (m) ft2 fEs ds 

10 0.28 0.22 0.24 0.25 

25 0.2 0.55 0.46 0.52 0.55 49.2 0.29 14.3 0.52 7.4 
1.0 0.43 0.43 0.41 0.43 68.9 0.27 18.6 0.42 7.8 
2.0 0.51 0.46 0.47 0.48 35.5 0.24 8.5 0.48 4.1 

50 0.2 0.37 0.43 0.44 0.31 49.2 0.29 14.3 0.39 5.6 
1.0 0.52 0.53 0.53 0.54 73.8 0.82 60.5 0.53 32.1 
2.0 0.58 0.52 0.56 0.57 82.0 0.40 32.8 0.56 18.4 
3.0 0.55 0.56 0.57 0.55 98.4 0.86 84.6 0.56 47.4 
3.8 Bottom 

75 0.2 0.04 0.21 0.06 0.06 49.2 0.59 29.0 0.09 2.6 
1.0 0.19 0.22 0.23 0.15 73.8 0.20 14.8 0.20 3.0 
2.0 0.52 0.51 0.49 0.61 82.0 0.40 32.8 0.53 17.4 
3.0 0.55 0.57 0.61 0.56 82.0 0.38 31.2 0.57 17.8 
4.0 0.70 0.75 0.74 0.65 94.3 0.84 79.2 0.71 56.2 
4.7 Bottom 

100 0.2 0.04 -0.01 0.01 0.07 73.8 0.38 28.1 0.03 0.8 
1.0 0.25 0.12 0.19 0.19 110.7 0.60 66.4 0.19 12.6 
2.0 0.40 0.31 0.31 0.46 123.0 0.62 76.3 0.37 28.2 
3.0 0.70 0.50 0.60 0.55 123.0 0.42 51.7 0.59 30.5 
4.0 0.58 0.59 0.65 0.58 123.0 0.64 78.7 0.60 47.2 
5.0 0.67 0.64 0.68 0.63 50.2 0.79 39.7 0.66 26.2 
5.1 Bottom 

150 0.2 -0.01 -.11 0.00 0.06 98.4 0.55 54.1 -0.02 0 
2.0 0.04 -.04 0.03 0.19 147.6 0.31 45.8 0.06 2.7 
2.0 0.28 0.11 0.21 0.28 164.0 0.35 57.4 0.22 12.6 
3.0 0.37 0.37 0.41 0.42 164.0 0.44 72.2 0.39 28.1 
4.0 0.61 0.60 0.71 0.63 121.0 0.51 61.7 0.64 39.5 
4.1 Bottom 

200 0.2 -0.10 -.11 0.00 0.01 98.4 1.04 102.4 -0.05 0 
1.0 0.01 0.11 0.00 0.05 147.6 0.47 69.4 0.04 2.8 
2.0 0.28 0.41 0.39 0.36 164.0 0.44 72.2 0.36 26.0 
3.0 0.40 0.49 0.44 0.45 164.0 0.27 44.3 0.45 19.9 
4.0 0.49 0.64 0.57 0.52 90.2 0.35 31.6 0.56 17.7 
4.2 Bottom 

250 0.2 -0.10 -.029 0 -0.01 98.4 0.77 75.8 0 0 
1.0 -0.01 -0.20 0 0.05 147.6 0.31 45.8 0 0 
2.0 0.25 0.16 0.23 0.34 147.6 0.40 59.1 0.20 11.8 
2.8 0.43 0.44 0.48 0.48 92.3 0.31 28.6 0.46 13.0 
3.0 Bottom 

300 0.2 -0.10 -0.29 0 0.01 73.8 0.42 31.0 0 0 
1.0 -0.10 -0.26 0 0.04 114.2 0.47 53.7 0 0 
2.0 0.13 0.17 0.19 0.18 84.2 0.29 24.4 0.17 4.2 
2.2 Bottom 

Summation 1691 543.8 1.27 

C' < 0.1 535 8.9 0.02 

C ;> 0.1 1156 534.9 1.25 

C' < 0.2 626 25.7 0.06 

C' .. 0.2 1065 518.1 1.21 

Inflow 429 1 429 1 
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TABLE V-3. Reference Data 

22 AlIgufJt 1934 30 AuguRt: 1.984 

Range Average Range Average 

Qo cfs 428 429 

A ft2 
0 

330 330 

U fps 
0 

1.30 1 •. 30 

T 
0 

°c 22.4-22.0 22.2 23.3-22.5 22.4 

(DO) rog/! 5.15-5.25 5.20 5.2-4.8 5.0 
0 

(Cl) 
. 0 

rog/! 114 - 123 119 145.2-133.0 137.7 

(K) 11 hros/ em 1080-1060 1073 1140-1090 1120 
0 

Qo cfs 6720 4670 

Ar ft2 10960 10960 

U fps .61 0.43 r 

T °c 24.4-24.3 24.35 24.2-24.3 24.25 r 

(DO) mgt! 8.0-8.15 r 8.05 7.7-7.7 7.7 

(Cl) 
r rog/! 19 - 21 20 19.5-20.7 20 

(K) uhms/cm 670 - 640 655 610-620 620 
r 
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\~here 

F o 

U = o 

u o 
= -( g-'-H-)-=l-rj 2:::-

o 

the average velocity in the inflow cross section 

H = the average depth in the inflow cross section 
o 

g' := gl:J.p/p = reduced acceleration of gravity 
r 

Ap = the density difference between the inflow and river 

Pr = the density of the river 

(V-2) 

The density difference Ap is due to both the difference in temperature 
and the total dissolved solids (TDS). The density difference due to 
these two parameters is considered additive. The temperature was 
measured directly with a YSI probe. The TDS was determined from the con
ductivity measurements. by laboratory analysis. A relationship exists 
between conductivity and TDS as shown in Figure V-3 which is reproduced 
from Stefan et al. (1984a). The conductivity measurements were adjusted for 
temperature using the equation from Standard Methods, 15th ed. 

K c 
K 

m (V-3) == 1+0.0191(T-25) 

where c == coefficient = 1.02 

K conductivity at 25°C 

K == measured conductivity m 
T == temperature 

The total dissolved solids were converted to a density by a relationship 
from Stefan et al. (1984b) 

APsolids == 0.8(ATDS) (V-4) 

The depth and velocity of the outflow must also be determined to 
calculate the inflow densimetric Froude number. The irregular inflow 
cross section makes this difficult. Table III-4 of Stefan et a1. 
(1984a) gives depths and inflow area of the inflow channel with river 
stage. The effluent enters into pool #2 which is maintained at 687.2 
feet above mean sea level by Lock and Dam No.2. According to data com
piled by Riley (1988) the stage can fluctuate ± 0.2 ft at low river 
flow. Table V-4 contains the calculated inflow densimetric Froude num
bers for the river stage at 687.2. 

Reynolds numbers can be calculated from the inflow depth, velocity 
and temperature using the same equation as for the laboratory data or 
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TABLE V-4 

Geometrical and Calculated Parameters - Field Study 

Date F 
o 

Re 
o 

H 
o 

A 
o 

(ft) (ft2 ) 

AR 

2/22/88 3.90 530,000 4.2 330 19 

2/30.88 4.04 530,000 4.2 330 19 

106 

B 

(deg) (deg) 

22 2 428 

22 2 429 

x 
m 

(ft) 

x /IP:-m 0 

490 27.0 

470 25.9 



Re o 
= 

The inflow temperature was near 72°F (22°C) during both field survey 
days. The inflow Reynolds number was 530,000 if the assumed water sur
face elevation is 687.2. 

B. Flow Patterns and Flow Regimes 

-1 
At each point measured, non-dimensionalized values of CR, ) D.O.) K, 

and T were averaged and listed in the C' column-of Tables V-l and V-2. 
Contours of equal concentration CT (isopleths) were then plotted on Figures 
V-4 and V-5. These contours show that the effluent has separated from one 
bank but remained attached to the other bank. Figures V-4 and V-5 also 
indicate that the plunging is not complete at the diffuser cross section 
where the measurements were made. 

The magnitude of the water velocity was also measured in the field 
in the cross sections shown in Fig. V-2. The measurements were made 
with a White current meter suspended from the boat by a cable. Since 
the meter was free to rotate around the cable, the flow direction was 
not known. Contours of equal magnitude of velocity in the cross section 
are plotted in Figures V-6 and V-7. Cells of high velocities are shown 
by these contours. Figure V-7 especially shows one cell near the left 
bank which can be interpreted to be the effluent outflow and one cell 
near the surface on the right side which is interpreted to be the 
ambient return flow. 

The plunging is not complete in the diffuser cross section at the 
mouth of the Metro WWTP outlet diffuser with the discharge conditions 
corresponding to a densimetric Froude number (F ) of 3.9 and 4.0. The 

o separation of the effluent from one wall is not necessarily caused by 
the non-symmetrical diffuser geometry and the cross flow in the river 
since similar flow patterns were observed in the laboratory without 
cross flow in symmetrical diffusers of similar half angles (0 = 20°) and 
inflow densimetric Froude numbers (Parts III and IV). 

C. Methods of Flow Rate Determination 

Flow rate of the plunging flow was determined by integrating velo
city measurements. Continuity of flow in the diffuser required that the 
plant effluent flow rate, Qo , plus the rate of ambient water entrained 
by the flow, Qa , is the flow rate of the measured underflow after 
plunging has occurred, Qm , or 

(V-6) 

At the mouth of the diverging effluent channel, i.e. in the cross 
sections shown in Fig. V-2 part of the flow is in the downstream 
direction towards the river, and part of the flow moves towards the head 
of the outlet channel. The outward-moving mixed flow has the flow rate 
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Qm , the inward-moving flow has a flow rate Qa • Hence the total flow 
through the section, disregarding direction, is 

Therefore, Q a 

and 

- Q ) and o 

+ Q ) o 

(V-B) 

(V-9) 

The plunging of the inflow was incomplete in the cross section where the 
measurements were taken. The determination of entrainment of an 
incomplete plunging flow at first may not seem to be useful. The 
jet-like entrainment of a pre-plunging flow, however, has been shown in 
the previous chapters to have the most effect on the entrainment of a 
plunging flow. The underlying assumption was that the buoyancy 
difference would not affect the horizontal jet-like entrainment through 
a vertical shear plane since the mixing eddies do not move fluid of 
different densities in the direction of gravity. The laboratory results 
showed that this assumption was basically correct. In addition, since 
jet flow depends on distance travelled, even incomplete plunging flow 
may contain valuable insight to and confirmation of the entrainment 
mechanism. 

The field data was used to calculate entrainment of the ambient 
water by the plunging effluent. Three methods were used to calculate 
the flow rate of the effluent through the cross section where the 
measurements were taken. These included 1) the calculation of the flow 
rate using the velocity measurements only, 2) the calculation of the 
flow rate by imposing a mass balance of the tracer flows (dilution 
method), and 3) the calculation of the flow rate by assuming flow direc
tion from the tracer concentration. 

(1) A total flow rate can be calculated from the water velocities 
measured in the field by summing the flows through subareas into which 
the total area (A) is divided: 

Qt = y. u sine llA (V-lO) 

where A = EllA, Qt = the total flow passing through the cross section in 
either direction, u = water speed measured, llA = subareas, and a = angle 
of velocity with place of measurements. It is necessary to assume sina 
= 1 because flow direction was not measured. Flow rates Qt' ~ and Q 
can then be calculated from the measured velocities with equatrons v-lB, 
V-8, and V-9. This would provide the maximum possible entrainment. 
Since the velocity in the cross section is probably not perpendicular to 
the plane of the cross section (a '" 90° or 270°), a flow rate smaller 
than found by equations V-8 to V-lO is probably more correct. 

(2) The second method is a dilution method. The total net 
conservative tracer flow through a cross section is constant and equal 
to the total tracer discharge rate. In nondimensional form 
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Q c' o 0 
(V-ll) 

where C't is the flow weighted cross-sectional average dimensionless 
tracer concentration defined as 

-, E u C' sine AA 
Ct = E u sine AA (V-12) 

C'o is the dimensionless concentration of the effluent. If sin e is 
treated as a constant, an expression for the total flow through the 
cross section can be found. 

(V-13) 

Two assumptions are sources of error in this method; (a) sine in 
constant and (b) no mixed fluid is carried upstream by the return flow 
(i.e. C' = 0 if the velocity is upstream). The second error tends to 
make the computed Qt too small. The second method therefore provides 
most likely a minimum entrainment, since it forces a mass balance of 
concentration by decreasing the flow rate. The true dilution is 
probably between the results found by the first and second methods. 
Flow rates are given in Table V-So 

(3) In the third method of flow rate determination, it is assumed 
that all flow above a given tracer concentration is moving in the 
downstream direction. The cross section is again divided into subareas 
and the flow rate through the subarea is determined and summed. The 
downstream flow rate (Q ) was determined by 

m 

~ = >:: u sine t.A (V-l4) 

for all subareas (t.A) where C' > than the chosen tracer concentration. 
The ambient return flow can be determined by 

Q = I: u sine t.A a (V-IS) 

for all subareas (t.A) where C' < the chosen concentration. If it is 
assumed that sine = 1, then Qm and Q can be determined. Method No. (3) 

a was applied to the two field measurement data sets assuming that all 
the effluent with C' greater than 0.1 or 0.2 is moving downstream. 
These results are shown in Table V-So 
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The continuity of flow and tracer mass flow can give an estimate of 
the accuracy of each method. The continuity of flow can be checked with 
equation V-6, or 

Q ttl Qa + Q 
III 0 

(V-16) 

The error in continuity can be expressed as a percent of the downstream 
flow. 

continuity error = 
o - (Q + Q ) 
In Q a 0 x 100% 

m 

An equation similar to equation V-16 can be written expressing 
continuity of tracer mass flow. 

Q C' m III 
Q C + Q C' a a 0 0 

C' = mean tracer concentration in downstream flow m 
= 1/Q L u C' tJ.A, where C' ) C' chosen 

ill 

C' = mean tracer concentration in upstream flow a 

= l/Q L u C' tJ.A, where C' < C' chosen 

Q = inflow rate 
o 

C' = inflow concentration = 1 
o 

(V-l7) 

(V-18) 

The error in the tracer mass flow can be expressed as a percent of 
the tracer in the downstream direction. 

tracer mass flow error 
Q C' - (Q C' + Q C ) 

ill m a a 0 0 
----------~------------x 100% 

Q C' m m 

The continuity error and tracer mass flow errors are included in Table 
V-5. 
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TABLE V-5 - SUMMARY OF FIELD STUDY RESULTS 

Date (1) (2) (3)* (3)** 

8/22/84 Qm/Qo '" 2.40 2.35 2.50 2.16 
Continuity errors '" 0 0 7.8% -22.4% 

Tracer luass flow error ;:: 2.7% 0 "'5.2% -17.2% 

8/30/84 Qm/Qo '" 2.47. 2.05 2.69 2.48 
Continuity errors '" 0 0 16.6% 1.0% 

Tracer mass flow error '" 21.1% 0 18.0% 12.2% 

* C' ) 0.1 for downstream direction 

** C' :> 0.2 for downstream direction 

I 15 



D. Comparison of Field and Laboratory Results 

).. Entrainment and dilution 

Since the flow in the field has separated from one bank and remained 
attached to the other, the entrainment behavior should be similar to the 
negatively buoyant "wall jets." Since similar patterns were observed in 
the laboratory diffusers of nearly the same half angle (~ = 20°) and the 
laboratory study showed much of the entrainment behavior was dependent on 
the flow regime, the concepts derived from the laboratory study (sections 
III and IV) for plunging flows which are also "wall jets" will be applied 
to the field study. 

The flow rate results from the field measurements were plotted in 
Figure V-8. The range of values of the first two calculation methods are 
plotted. The laboratory data for the flow rate of plunging flow (Fo = 1.5 
and 4.0) for the diffuser with 8 = 20° and a = 3° are also plotted as well 
as a line through the laboratory data for a non-buoyant flow in that dif
fuser. The ratio (Q /Q ) at the measured point is plotted as a function 
of distance (x /-IX-)m f8r the non-buoyant data. The ratio (Qd/Q ) is 

m 0 /,-) 0 plotted as a functlon of distance to plunging (xp rAa for the negatively 
buoyant data. The justification for the comparison of negatively buoyant 
flow with a non-buoyant flow is that most of the entrainment occurs hori
zontally in vertical shear plane upstream of the plunge point. The 
distance to plunging is the important parameter for the plunging flows, 
since at that point the jet-like behavior ceases and the stratified flow 
behavior becomes dominant. 

The laboratory and field data compare favorably. The jet-like beha
vior dominates over the scale (Reynolds number) effects and geometrical 
differences. Since plunging is incomplete at the cross section measured, 
entrainment will continue, and the mixed flow rate will increase with 
distance until the flow is fully plunged. From that point on, entrainment 
will be primarily dependent on stratified flow mechanisms. In 
conclusion, the total dilution of the plunging flow as related to 
distance to plunging is the same in the field and in the laboratory. 

2. Distance to plunging 

The determination of the flow rate of a plunging flow required 
knowledge of the distance to plunging. This distance (xp) should be calcu
lable from the geometry and inflow densimetric Froude number (F ). o Plunging of the effluent was incomplete in the diffuser when the measure-
ments were made in 1984. In this situation, the distance to plunging is 
unknown, but must be greater than the distance to the measurement cross 
section. The distance to the measurement section can be plotted with 
respect to the inflow densimetric Froude number on the same figure on which 
the plunge points from the laboratory study were plotted (Figure V-9). 
Apparently factors other than the inflow densimetric Froude number affect 
the plunge point location since laboratory data predict plunging before the 
measurement cross section. Among these factors are differences between the 
laboratory and field geometry which may affect the distance to plunging. 
The laboratory geometry consisted of a rectangular cross section inflow 
ch~nnel of small aspect ratio entering via a sharp transition into a sym-
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Fig. V-9. Distance to plunging as a function of inflow 
densimetric Froude number. 
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metrical diffuser (6 • 20 P ) of uniform 3P bottom slope with vertical and 
stra:Lght diffuser sides to a tank without cross flow. The field situat.ion 
consisted of a natural inflow channel of large aspect ratio ente~ing via a 
rounded transition into a non-symmetrical diffuser of variable bottom slope 
(1° - 5°) and rounded diffuser sides to a river with crOBB flow. The 
distance to plunging has been shown to be affected by the inflow channel 
aspect ratio and inflow channel to diffuser transition in horizontal 
diverging channels (Section III). Differences not related to geometry, 
however, may also result in differences between the distance to plunging 
observed in the laboratory and in the field. In a previous study (Stefan 
et al., 1984a) it was observed that plunging occurred inside the Metro 
effluent diffuser at similar densimetric Froude numbers. During these 
studies, the river discharge was greater than during the 1984 measurements. 
This larger discharge and the cross flow effect on the underflow profile 
may be the cause for the different plunge point observations. 
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VI. CONCLUSIONS 

An experimental study of plunging flow was conducted at St. Anthony 
Falls Hydraulic Laboratory. A plunging flow is an inflow with greater 
density than the receiving water. The inflow therefore dives below the 
surface and forms a density current. The density difference between the 
inflow and ambient fluid was obtained by temperature difference. The 
experimental configuration consisted of a horizontal open channel and an 
open channel diffuser. The diffuser bottom was either horizontal or 
sloping at about 30. The diffuser half angles varied from 00 to 90 0 • 

Angles of 0 0 , 30, 100 , 20 0 , and 90 0 , were the most studied angles. The 
inflow Reynolds number was kept near 10,000. The inflow densimetric Froude 
number varied from 1.5 to 35. Most experimental Froude numbers ranged from 
1.5 to 4.0. 

Two types of experiments were conducted. One type included flow 
visualization, flow regime determination, and plunge point observation. 
The second type included measurements of flow velocities and temperature 
profiles used to calculate flow rates and dilution. 

A field study was conducted at the outlet of the Metro Wastewater 
Treatment Plant in St. Paul. The wastwater effluent, which is cooler than 
the l'Ussissippi River in late summer, enters the Mississippi River through 
a sloping and diverging channel. The slope is variable and averages 20. 
The divergence half a.ngle is 22°. 

Three main flow regimes were observed upstream of plunging. These are 
attached flow (no separation), wall jets (separation from one side wall), 
and free jets (separation from both side walls). After plunging the inflow 
becomes a stratified underflow. Diffuser half angle, channel to diffuser 
transition, and distance to plunging were found to be the parameters with 
the most effect on flow regime. 

The dilution of a plunging flow was also determined. The dilution of a 
plunging flow before plunging was found to be primarily due to jet-like 
mechanisms, since little preplunging dilution occurs when no separation 
occurs (attached flow regime). In the experimental configuration with the 
horizontal diffuser bottom little dilution occurred in the underflow 
downstream from plunging. If plunging occurred near the outflow channel, 
the dilution of the plunging flow was much greater than could be explained 
by jet flow mechanisms. The dilution of the plunging flow before plunging 
was related to the square root of the nondimensional distance to plunging 
(i.e. Qm/QO(Xp/Bo)1/2) and flow regime. 

. The dilution of a plunging flow entering a sloping and diverging 
channel was also related to jet flow mechanisms in the region before 
pl~nging. The dilution of the plunging flow before plunging was related 
linearly to the distance to plunging (ie Qm/Qo ~ Xp/Bo). The rate of dilu
tion of the underflow was greater than the preplunging rate of dilution in 
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the sloping configuration. The cumulative flow rate appeared to increase 
linearly with distance. The Richardson number approached a value of about 
0.3 in the underflow and was related to the distance downstream from 
plunging. 

The underflow dilution was also predicted by a simple l-D flow model 
using the momentum and conttmdty equations and the assumption of critical 
flow near plungtng. This calculation resulted in a predlcti_on thot the 
cumulative flow rate did not increase linearly with distance from plunging. 
The dilution at plunging was predicted to be higher by this method. 

The distance to plunging was related to the fourth power of the inflow 
densimetric Froude number for plunging flow in a hori~ontal diverging chan
nel where separation occurs. The distance to plunging was related linearly 
to the inflow densimetric Froude number in the sloping and diverging chan
nel. The form of these equations was derived from jet flow theory and the 
assumptions that the cumulative flow rate increases either by the square 
root of the distance or linearly with distance. The coefficients were 
empirical. 

The wall jet flow regime was present in the field situation which is 
consistent with the laboratory results. The dilution of the preplunging 
inflow was similar to the dilution of a plunging flow in the laboratory 
situations with similar geometry. The distance to plunging was not deter
mined in the field study, but was longer than predicted by the laboratory 
results. 
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TA81.E IV-I. EXI'ElllMENTAL DATA FOR PLUNGING IN SLOPING AND DIVERGING CIIANNELS 

lloCe R. o n 
o 

(ft) (ft) dog dog efs "C ·C (ft) (efa) (cro) (ft) 'c 

1/2/66 4.16 10.100 .303 .~63 1.86 10 

1/3/86 1.48 10,000 .303 .~63 1.86 10 

6/10/86 ~.3/, 
4.00 
3.2L 
2.32 

10,000 0.3 
10,000 0.3 
10,000 0.3 
10.000 0.3 

6/9/86 1.68 10,200 0.3 
1.61 10.400 0.3 
L46 10.100 0.3 

.~63 

.~63 

.563 

.~63 

1.88 20 
1.66 20 
1.88 20 
1.88 20 

.~63 1.86 20 

.~63 1.88 20 

.563 1.68 20 

.0~8 22.6 2~.4 

.0~6 

.058 

.060 

.060 

.060 

.061 

.055 

.061 

21.8 39.4 

8 
11 
14 

3 
5 
8 

11 
14 

.1090 .3913 .2912 23.49 

.1401 .3508 .30~0 23.89 

.1600 .3052 .3001 24.24 

.0300 .0899 

.0559 .1051 
.1341 
.1613 
.1991 

.4264 .2145 26.~5 

.3425 .1834 28.67 

.2851 .1691 30.90 

.2720 .1751 32.83 

.2148 .1833 34.11 

6/19/66 n.o 10.200 .310 .563 1.81 20 .060 21.55 21.6 1 .0152 
.0831 
.1002 
.1285 
.1592 
.1784 

6/18/86 4.00 10,100 .300 .563 1.88 20 .062 19.7 23.7 

6/12/86 1.49 10,000 .302 .563 1.86 20 .061 19.9 39.9 

6/25/86 4.22 10,000 .300 .563 1.88 90 .059 21.3 24.2 

6/21/86 3.lL 10,300 .298 .563 1.89 90 3 .060 22.5 26.8 

6/23/86· 1.54 10,200 .291 .563 1.69 90 0.60 21.8 39.1 

4/4/86 2.61 10,200 .319 1.161 3.66 2.7 .165 10.4 25.2 

3/21/86 2.59 9,900 .320 1.161 3.65 2.7 .164 9.4 25.5 

3/1/86 2.16 10,200 .320 1.167 3.65 2.7 .145 1~.4 29.1 

3/11/86 2.16 10,200 .320 1.167 3.65 2.7 .145 15.5 29.2 

3/14/86 2.14 10,100 .320 1.167 3.65 0 2.7 .143 15.4 29.2 

3/24/86 1.53 10.000 .32L 1.167 3.63 a 2.1 .123 21.1 31.0 

'1/ll/lIb 7.10 II ,'lOll .16L 1.167 7.2<;, 2.7 .06(, 1"1.1} 36.6 

31 
5 
8 

11 
14 

11 
14 

.1961 .3723 .2613 22.27 

.2457 .3826 .2735 22.42 

3 .0564 .1069 .4497 .1745 27.98 
5 .0495 .1405 .3502 .1568 30.69 
8 .1916 .3345 .1615 33.14 

11 .2498 .2909 .1578 34.39 
14 .3041 .3543 .1135 35.16 

8' 
11 
14 

.2581 

.3168 

.4174 

R-~ .1125 
R-6 .2770 

12.5 .1621 .9545 .6046 n.ll 
14.0 .1731 .7413 .5850 n.53 
15.5 .1192 .5592 .5486 11.88 

11 
12.5 
14.0 
15.~ 

.1551 

.1682 

.1732 

.1196 

1.084 
.852 
.691 
.559 

.5994 

.5887 

.5610 

.5415 

9.99 
10.67 
10.86 
n.47 

9.5 .1441 .9523 .5322 16.16 
11 .1491 .7772 .5111 16.38 

12.5 .1531 .6476 .4916 16.60 
14 .1573 .5621 .4882 17 .03 

15.5 .1675 .4614 .4741 17.31 

9.5 .1346 1.0374 .5237 16.38 
11 .1485 .7011 .4973 16.99 

12.5 .1512 .6244 .4895 17.40 
14 .1639 ,5348 .4931 11.66 

11 .1512 .6611 .5046 16.80 
15.5 .1690 .4508 .4134 17.44 

7 .1377 .6418 .4011 22.51 
8 .1398 .5697 .3913 22.82 

9.5 .1452 .4994 .3863 23.10 
11 .1419 .4617 .3839 23.45 

12.5 .1530 .4252 .3855 23.84 
14 .1603 .3582 .3188 24.21 

15.5 .L658 .3589 .3911 24.59 

10 
12 
LI. 
15 

126 

.0762 

.08']U 

.0863 

.0921 

.onl 

.0983 

.6661\ 

.43U tJ 
.1.315 
.3881 
.3947 
.36lL 

.2593 11.98 

.2420 18.49 

.2509 19.51 

.2515 20.61 

.2141 21.94 

.2679 21.85 

(ft) 

.75 

12.5 
8 
6 

3.5 

17.03 

1.80 

30.41 
19.46 
14.60 

8.51 

2 4.87 
1.5 3.65 
0.15 1.82 

:.1.5 18.24 

1.0 2..13 

10.5 25.54 

5.5 n.4~ 

0,75 1.84 

10.5 17.21 

10.0 16.31 

7.75 12.68 

1.75 12.68 

7.15 12.68 

4.0 6.54 

3.15 8.65 

Hodcf 0 Model· 11 

Qd Qd/Qo Qd Q/Qo 

(eta) (<fo) 

.1025 1.71 .104 1.79 

.0641 1.10 .015 1.21 

.1393 2.2S .167 2.69 

.0701 1.15 .085 1.48 

.1847 3.08 

.0941 1.569 

.1484 0.90 

.1439 0.88 

.1368 0.94 

.1254 0.86 

.1487 1.04 

.1266 1.03 

.0119 1.09 



TABLE V"'l. FIELD MEASUREMENTS of 8/22/84 

Dist/ince 
from left 

\ Bank Depth T' DO' K' el' !lA u uAA (j'I uOAA UC' AAlQo 
<, 

( ft) (m) ft:2 f£s cfs 

50 0.2 0.26 0.22 0.18 0.14 98.4 0.36 35.4 0.20 7.1 
1.0 0.56 0.56 0.62 0.44 102.1 0.49 50.0 0.55 27.5 
1.5 0.56 0.56 0.51 169.0 0.40 67.6 0.55 31.2 
2.0 0.67 0.75 0.73 0.61 0.69 

100 0.2 0.08 0.11 0.12 0.22 98.4 0.47 46.3 0.13 6.0 
1.0 0.15 0.15 0.13 0.30 147.6 0.38 56.1 0.18 10.1 
2.0 0.26 0.26 0.30 0.33 164.0 0.35 57.4 0.29 16.7 
3.0 0.51 0.61 0.58 0.69 164.0 0.46 75.4 0.60 45.3 
4.0 0.56 0.60 0.63 0.70 137.8 0.42 57.9 0.62 35.9 
5.0 0.62 0.65 0.68 0.75 44.3 0.67 29.7 0.67 19.9 

150 0.2 0.08 -0.01 0.01 0.03 98.4 0.55 54.1 0.03 1.6 
1.0 0.05 0.04 0.05 0.07 147.6 0.53 78.2 0.05 3.9 
2.0 0.08 0.09 0.0 0.10 164.0 0.53 86.6 0.07 6.1 
3.0 0.33 0.22 0.36 0.32 164.0 0.26 42.7 0.31 13.3 
4.0 0.54 0.43 0.56 0.54 123.0 0.59 72.6 0.52 37.7 
4.5 0.49 0.44 0.54 0.65 98.4 0.40 39.4 0.53 20.9 
4.8 Bottom 

200 0.2 0.08 -0.02 0.01 0.07 98.4 0.47 46.3 0.04 1.9 
1.0 0.18 0.11' 0.21 0.19 147.6 0.29 42.8 0.17 7.3 
2.0 0.28 0.23 0.29 0.24 164.0 0.28 45.9 0.26 11.9 
3.0 0.31 0.25 0.39 0.42 164.0 0.20 32.8 0.34 11.2 
4.0 0.38 0.45 0.39 164.0 0.33 54.1 0.41 22.2 
5.0 0.51 0.47 0.55 77.9 0.38 29.6 0.51 15.1 

-q 250 0.2 0.03 -0.01 0.01 98.4 0.40 39.4 0.01 0.4 
1.0 0.03 -0.01 0.06 147.6 0.44 65.0 0.02 1.3 
2.0 0.22 0.22 0.17 164.0 0.36 59.1 CI.n 12.4 
3.0 0.31 0.28 0.32 164.0 0.28 45.9 0.30 13.8 
4.0 0.49 0.47 0.55 152.6 0.52 79.4 0.50 39.7 
5.0 0.59 0.63 0.67 53.3 0.24 12.8 0.63 8.1 

300 0.2 0 -0.01 0.02 98.4 0.31 30.5 0 0 
1.0 0 0 0.04 147.6 0.36 53.1 0.01 0.5 
2.0 0.03 0.01 0.00 160.8 0.42 67.5 0.01 0.7 
3.0 0.26 0.28 0.28 100.5 0.35 35.2 0.28 9.8 
3.3 Bott.om 

350 0.2 0.05 -0.01 -0.01 78.7 0.22 17.3 0.01 0.2 
1.0 0.05 0 0.02 123.4 0.15 18.5 0.02 0.4 
1.3 Bottom 

Summation 1625 440.1 1.03 

c' < 0.1 557 17.0 0.04 

c > 0.1 1068 423.1 0.99 

0' < 0.2 702 40.4 0.09 

c' > 0.2 923 399.7 0.93 

Inflow 428 1 428 1 
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TABLE V-2. FIELD MEASUREMENTS of 8/30/84 

Distance 
from left 
Bank Depth T' DO' K' e1' !J.A u uAA C' uC'DA ue'AA/Qo 

( ft) (m) ft2 f2s efs 

10 0.28 0.22 0.24 0.25 

25 0.2 0.55 0.46 0.52 0.55 49.2 0.29 14.3 0.52 7.4 
1.0 0.43 0.43 0.41 0.43 68.9 0.27 18.6 0.42 7.8 
2.0 0.51 0.46 0.47 0.48 35.5 0.24 8.5 0.48 4.1 

50 0.2 0.37 0.43 0.44 0.31 49.2 0.29 14.3 0.39 5.6 
1.0 0.52 0.53 0.53 0.54 73.8 0.82 60.5 0.53 32.1 
2.0 0.58 0.52 0.56 0.57 82~0 0.40 32.8 0.56 18.4 
3.0 0.55 0.56 0.57 0.55 98.4 0.86 84.6 0.56 47.4 
3.8 Bottom 

75 0.2 0.04 0.21 0.06 0.06 49.2 0.59 29.0 0.09 2.6 
1.0 0.19 0.22 0.23 0.15 73.8 0.20 14.8 0.20 3.0 
2.0 0.52 0.51 0.49 0.61 82.0 0.40 32.8 0.53 17.4 
3.0 0.55 0.57 0.61 0.56 82.0 0.38 31.2 0.57 17.8 
4.0 0.70 0.75 0.74 0.65 94.3 0.84 79.2 0.71 56.2 
4.7 Bottom 

100 0.2 0.04 -0.01 0.01 0.07 73.8 0.38 28.1 0.03 0.8 
1.0 0.25 0.12 0.19 0.19 110.7 0.60 66.4 0.19 12.6 
2.0 0.40 0.31 0.31 0.46 123.0 0.62 76.3 0.37 28.2 
3.0 0.70 0.50 0.60 0.55 123.0 0.42 51.7 0.59 30.5 
4.0 0.,58 0.59 0.65 0.58 123.0 0.64 78.7 0.60 47.2 
5.0 0.67 0.64 0.68 0.63 50.2 0.79 39.7 0.66 26.2 
5.1 Bottom 

150 0.2 -0.01 -.11 0.00 0.06 98.4 0.55 54.1 -0.02 0 
2.0 0.04 -.04 0.03 0.19 147.6 0.31 45.8 0.06 2.7 
2.0 0.28 0.11 0.21 0.28 164.0 0.35 57.4 0.22 12.6 
3.0 0.37 0.37 0.41 0.42 164.0 0.44 72.2 0.39 28.1 
4.0 0.61 0.60 0.71 0.63 121.0 0.51 61.7 0.64 39.5 
4.1 Bottom 

200 0.2 -0.10 -.11 0.00 0.01 98.4 1.04 102.4 -0.05 0 
1.0 0.01 0.11 0.00 0.05 147.6 0.47 69.4 0.04 2.8 
2.0 0.28 0.41 0.39 0.36 164.0 0.44 72.2 0.36 26.0 
3.0 0.40 0.49 0.44 0.45 164.0 0.27 44.3 0.45 19.9 
4.0 0.49 0.64 0.57 0.52 90.2 0.35 31.6 0.56 17.7 
4.2 Bottom 

250 0.2 -0.10 -.029 0 -0.01 98.4 0.77 75.8 0 0 
1.0 -0.01 -0.20 0 0.05 147.6 0.31 45.8 0 0 
2.0 0.25 0.16 0.23 0.34 147.6 0.40 59.1 0.20 11.8 
2.8 0.43 0.44 0.48 0.48 92.3 0.31 28.6 0.46 13.0 
3.0 Bottom 

300 0.2 -0.10 -0.29 0 0.01 73.8 0.42 31.0 0 0 
1.0 -0.10 -0.26 0 0.04 114.2 0.47 53.7 0 0 
2.0 0.13 0.17 0.19 0.18 84.2 0.29 24.4 0.17 4.2 
2.2 Bottom 

Summation 1691 543.8 1.27 

C' < 0.1 535 8.9 0.02 

C ;. 0.1 1156 534.9 1.25 

C' < 0.2 626 25.7 0.06 

C' ;. 0.2 1065 518.1 1.21 

Inflow 429 1 429 1 
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TABLE V-3. Reference Data 

22 Auguut 19fV, 30 AUr,\lBt 1984 

Range Average Range Average 

Qo cfa 428 429 

A ft2 330 330 
0 

u fps 1.30 1.30 
0 

T °c 22.4-22.0 
0 

22.2 23.3-22.5 22.4 

(DO) mg/t 5.15-5.25 5.20 5.2-4.8 5.0 
0 

(Cl) mg/t 114 - 123 119 145.2-133.0 137.7 
0 

(K) \1 hms/ em 1080-1060 1073 1140-1090 1120 
0 

Qo efs 6720 4670 

A r ft2 10960 10960 

U fps r .61 0.43 

T r °c 24.4-24.3 24.35 24.2-24.3 24.25 

(DO) 
r mg/t 8.0-8~15 8.05 7.7-7.7 7.7 

(Cl) mg/t 19 - 21 20 19.5-20.7 20 
r 

(K) uhms/em 670 - 640 655 610-620 620 . r 
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TABLE v-4 

Geometrical and Calculated Parameters - Field Study 

Date F 
o 

Re 
o 

H 
o 

A 
o 

(ft) (ft2 ) 

AR 

2/22/88 3.90 530,000 4.2 330 19 

2/30.88 4.04 530,000 4.2 330 19 

(deg) (deg) 

22 2 428 

22 2 429 

TABLE V-5 - SUMMARY OF FIELD STUDY RESULTS 

Date (1) (2) (3)* 

8/22/84 ~/Qo = 2.40 2.35 2.50 
Continuity errors = 0 0 7.8% 

Tracer mass flow error = 2.7% 0 -5.2% 

8/30/84 ~/Qo = 2.47 2.05 2.69 
Continuity errors = 0 0 16.6% 

Tracer mass flow error = 21.1% 0 18.0% 

* C' :> 0.1 for downstream direction 

** C' :> 0.2 for downstream direction 
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x 
m 

(ft) 

x /IA m 0 

490 27.0 

470 25.9 

(3)** 

2.16 
-22.4% 
:"17.2% 

2.48 
1.0% 

12.2% 
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COMPUTER PROGRAMS 
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10 REM PROGRAM READS A TO D 
OUTPUT FOR EACH OF 16 

CHANNELS 
20 REM SINGLE RANGE AMPLIFIER 
21 REM -----------------
25 DIM CO(30,16),CB(16) 
26 REM INPUT BEGINNING TEMP 

FROM KEYBOARD 
30 INPUT "BATH TEMP";TEMP 
31 REM -----------------
35 REM WARNING BUZZ 
37 FOR I = 0 TO 100:XX = PEEK ( 

- 16336): NEXT I 
38 REM -----------------
40 GOSUB 420 
369 REM -----------------
370 REM CHOOSE TO CONTINUE 
375 INPUT "1 TO CONTINUE OR 2 TO 

STOP";RR 
390 IF RR < 2 THEN 30 
391 REM -----------------
395 END 

Fig. B-]. Calibration program one. Single range amplifier. 
Output on printer. 
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400 REM -----------------
415 REM SUBROUTINE READS A TO D 

VALUES OF EACH OF 16 
CHANNELS 30 TIMES 

420 FOR 1 ~ 0 TO 29 
425 FOR J = 0 TO 15 
432 CB(J) ;:: 0 
435 L = 49328 + J 
437 REM 49328 IS THE MEMORY 

ADDRESS OF CHANNEL 0 
440 M;:: PEEK (L) 
445 AC = PEEK (L) 
456 CO(I,J) ;:: AC 
460 NEXT J 
464 NEXT I 
465 REM WARNING BUZZ 
466 FOR I ;:: 0 TO 100;XX;:: PEEK 

( - 16336): NEXT I 
470 REM COMPUTE AVERAGE TEMP 

FOR EACH PROBE 

472 REM PRINT RESULTS HARDCOPY 
473 PRINT CHR$ (4);"PRD2": PRINT 

: PRINT 
474 PRINT" BATH TEMP ";TEMP 
475 FOR J ;:: 0 TO 15 
480 FOR I = 0 TO 29 
486 CB(J) = CB(J) + CO(I,J) 
490 NEXT I 
496 CB(J) = 10 * CB(J) I 30 
501 CU = INT (CB(J» 
506 CB(J) ;:: CU I 10 
510 PRINT J,CB(J) 
515 NEXT J 
516 PRINT CHR$ (4);"PR'O" 
580 RE'rURN 
600 REM ---------------

Fig. B-1. continued. 
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1 REM PROGRAM FITS QUADRATIC 
2 REM TO N POINTS 
3 REM ---------------------
4 REM SINGLE CHANNEL A TO D 
5 REM OUTPUT AND TEMP DATA 
6 REM ENTERED FROM KEYBOARD 
7 REM ---------------------
50 LOMEM: 16384 
100 DIM X(155),Y(155) 
109 REM INPUT NUMBER OF POINTS 
110 REM AND BEGINNING PROBE # 
120 INPUT "INPUT N ";N 
125 INPUT "INPUT PROBE NUMBER";T 

y 

126 TY = TY + 1 
130 II = TY - 1 
131 REM --------------------
132 REM PRINT HARD COPY LABEL 
133 PRINT CHR$ (4);"PR#2" 
134 PRINT "PROBE NUMBER ";11: PRINT 

135 PRINT" X TEMP ": PRINT 

136 PRINT CHR$ (4);"PR#0" 
137 FOR I = 1 TO N 
138 REM INPUT DATA FROM KEYBOAR 

D 
140 INPUT "TYPE X AND TEMP " ;X(I 

),Y(I) 
141 NEXT I 
142 EE = 0 
143 FF = 0 
144 GG = 0 
145 HH = 0 
146 KK = 0 
147 LL = 0 
148 MM = 0 
149 DD = 0 
150 REM --------------------

Fig. B-2. Quadratic fit program one. Fits data entered from the 
keyboard to a quadratic expression output on printer. 
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r 

" 

160 REM CALCULATE COEFFICIENTS 
161 REM AA,BB AND CC WHERE 
162 REM T=AA+BB*AD+CC*AD*AD 
170 FOR I = 1 TO N 
180 DD = DD + XCI) 
190 EE = EE + XCI) ~ 2 
200 FF = FF + XCI) ~ 3 
210 GG = GG + XCI) ~ 4 
220 HH = HH + XCI) * Y(I) 
230 KK = KK + Y(I) * XCI) ~ 2 
240 LL = LL + Y(I) * XCI) ~ 3 
250 MM = MM + Y(I) 
251 REM PRINT HARDCOPY OF 

INPUT DATA 
252 PRINT CHR$ (4);"PR#2" 
253 PRINT XCI);" ";Y(I) 

254 PRINT CHR$ (4);"PR#O" 
260 NEXT I 
270 R1 = DD * MM - N * HH 
280 R2 = DD ~ 2 - N * EE 
290 Sl = N * FF - DD * EE 
300 S2 = DD ~ 2 - N * EE 
310 RR = R1 I R2 
320 SS = Sl I S2 
330 C1 = KK * N - EE * MM + EE * 

DD * RR - RR * FF * N 
340 C2 = N * GG + N * SS * FF - E 

E * DD * SS - EE ~ 2 
350 CC = C1 I C2 
360 B1 = DD * MM - N * HH + CC * 

(N * FF - DD * EE) 
370 B2 = DD ~ 2 - N * EE 
380 BB = B1 I B2 
390 A1 = MM - BB * DD - CC * EE 
400 AA = A1 I N 
405 REM ---------------------
406 REM PRINT AA,BB,CC 
410 PRINT "A=";AA 
420 PRINT "B=";BB;"C="CC 
425 INPUT "TYPE'l";LK 
426 REM ----------------------
429 REM GRAPHICS ROUTINE 
430 HGR 

Fig. B-2. Continued. 
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450 HCOLOR= 3 
459 REM PLOT FRAME 
460 HPLOT 0,0 TO 279,0 TO 279,15 

9 TO 0,159 TO 0,0 
464 REM PLOT DATA POINTS 
465 FOR I = 1 TO N 
467 Y(I) = Y(I) * 5 
470 HPLOT X(I),Y(I) 
471 NEXT I 
472 REM HARD COPY OF THIS STEP 

473 PRINT CHR$ (4);"PR~2": PRINT 
CHR$ (9);"G": PRINT CHR$ ( 
4);"PR~O" 

475 INPUT "TYPE l";PL 
482 REM ADD FITTED CURVE 
484 Y(l) = AA + BB * X(l) + CC * 

X(l) ~ 2 
485 Y(l) = Y(l) * 5 
486 HPLOT X(l),Y(l) 
487 KK = INT (X(l» 
490 FOR J = KK TO 278 
500 X(J) = J 
510 Y(J) = AA + BB * X(J) + CC * X(J) ~ 2 
515 Y(J) = 159 - Y(J) * 5 
520 HPLOT TO X(J),Y(J) 
525 NEXT J 
529 REM HARDCOPY OF GRAPH 

AND COEFFICIENTS 
530 INPUT "TYPE 4";GF 
531 PRINT "AA= ";AA 
532 PRINT "BB= ";BB 
533 PRINT "CC= ";CC 
534 PRINT CHR$ (4);"PR#2" 
535 PRINT CHR$ (9);"GM" 
536 PRINT: PRINT : PRINT : PRINT 

: PRINT : PRINT : PRINT : PRINT 

537 PRINT CHR$ {4);"PR#0" 
540 TEXT 
550 TY = TY + 1 
560 IF TY < = 16 GOTO 130 
570 END 
580 REM ----------------------

Fig. B-2. Continued. 
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1 REM PROGRAM READS A TO D 
2 REM OUTPUT FROM MULTIPLE 
3 REM RANGE AMPLIFIER AND 
4 REM STORES DATA AND TEMP 
5 REM READINGS ON DISK 
6 REM ------------------------
11 LOMEM: 16384 
12 DIM TS(32),CO(30,16),CB(16) 
13 RX = 1 
14 REM ENTER DATA FILE NAME 

FROM KEYBOARD 
15 INPUT" ENT~R FILE NAME ";NA 

$ 

20 REM ------------------------

25 REM INPUT SELECTOR READING 
26 REM FROM KEYBOARD 
28 INPUT "ENTER SELECTOR SETTING 

" ; A$ 
29 GOTO 595 
30 REM ENTER BEGINNING TEMP 

FROM KEYBOARD 
31 INPUT "ENTER BATH TEMP ";TE 
32 REM ------------------------

36 REM WARNING BUZZ 
37 FOR I = 0 TO 100:XX = PEEK ( 

- 16336): NEXT I 
38 REM ------------------------

40 GOSUB 420 
50 REM ------------------------

69 REM PREPARE FOR STORAGE 
70 FOR I = 0 TO 15:TS(I) = CB(I) 

: NEXT I 
80 REM ------------------------

250 PRlNT 
255 PRINT 
300 REM ----------------------
310 REM STORAGE OF DATAFILE 
311 REM ON DISK IN DRIVE 1 
316 INPUT "TYPE 1 FOR STORAGE "; 

QQ 
318 IF QQ < > 1 GOTO 25 
330 REM --------------~--------

Fig. B-3. Calibration program two. Multiple range amplifier. 
Output stored on disk. 
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335 REM STORAGE STATEMENTS 
340 0$ = CHR$ (4): PRINT D$;"OPE 

N";;NA$;".DAT,L900,01" 
350 PRINT O$;"WRITE";NA$;".DAT,R 

";RX 
355 PRINT TEMP: PRINT AS: FOR I = 

o TO 15: PRINT TS(I): NEXT I 

360 PRINT D$;"CLOSE" 
371 PRINT D$;"OPEN";NA$;".DAT,L9 

00,01": PRINT O$;"WRITE";NA$ 
;".OAT,RO" 

372 PRINT RX: PRINT O$;"CLOSE" 
373 REM CHOOSE TO CONTINUE 
375 INPUT "1 TO CONTINUE OR 2 TO 

STOP";RR 
389 RX = RX + 1 
390 IF RR < 2 THEN 20 
395 END 
400 REM --------------------
415 REM SUBROUTINE REAOS A TO D 

416 REM VALUES OF EACH OF 16 
417 REM CHANNELS 30 TIMES 
420 FOR I = 0 TO 29 
425 FOR J = 0 TO 15 
432 CB(J) = 0 
435 L = 49328 + J 
437 REM 49328 IS THE MEMORY 

ADDRESS OF CHANNEL 0 
440 M = PEEK (L) 
445 AC = PEEK (L) 
456 CO(I,J) = AC 
460 NEXT J 
464 NEXT I 
465 REM WARNING BUZZ 
466 FOR I = 0 TO 100:XX = PEEK 

( - 16336): NEXT I 
468 REM -----------------------

Fig. B-3. Continued. 
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469 REM ENTER END BATH TEMP AND 

470 REM COMPUTE AVERAGE TEMP 
FOR EACH PROBE 

471 INPUT "ENTER BATH TEMP ";T2 
472 TE = (T2 + TE) I 2 
473 PRINT CHR$ (4);"PR#2": PRINT 

: PRINT: PRINT "RN = ";RX: PRINT 
"SELECTOR SETTING IS ";A$;" 
OR "iAS 

474 PRINT" BATH TEMP ";TEMP 
475 FOR J = 0 TO 15 
480 FOR I = 0 TO 29 
486 CB(J) = CB(J) + CO(I,J) 
490 NEXT I 
496 CB(J) = 10 * CB(J) I 30 
501 CU = INT (CB(J» 
506 CB(J) = CU I 10 
510 PRINT J,CB(J) 
515 NEXT J 
516 PRINT CHR$ (4);"PR#0" 
580 RETURN 
589 REM --------------------
590 REM CHANGE SELECTOR FROM 
591 REM LETTER TO INTEGER 
595 IF A$ = "AI! GOTO 601 
596 IF A$ = "B" GOTO 602 
597 IF A$ = "C" GOTO 604 
598 IF A$ = "D" GOTO 606 
599 IF A$ = "E" GOTO 608 
600 GOTO 28 
601 AS = 0: GOTO 30 
602 AS = 1: GOTO 30 
604 AS = 2: GOTO 30 
606 AS = 3: GOTO 30 
608 AS = 4 
609 GOTO 30 
610 GOTO 28 
620 REM --------------------

Fig. B-3. Continued. 
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60 REM PROGRAM FITS QUADRATIC TO 

61 REM A TO D AND TEMP POINTS 
62 REM STORED ON DISK 
63 REM ----------------------
65 DIM X(290),Y(290),A(4,15),B(4 

,15),C(4,15),SN(4),TT(4,50), 
TZ(4,15,50) 

66 REM ----------------------
69 REM ENTER INPUT FILE FROM 

KEYBOARD 
70 INPUT "ENTER DATA FILE NAME " 

;NA$ 
71 REM ----------------------
75 GOSUB 700 
76 REM ----------------------
77 REM LOOP THROUGH ALL 

SELECTORS 
78 REM AND ALL PROBES 
80 FOR JJ = 0 TO 4 
85 FOR II = 0 TO 15 
86 REM ----------------------
89 REM INITALIZE VARIABLES USED 

90 FOR I = 0 TOSN(JJ) 
95 XCI) = TZ(JJ,II,I) 
100 Y(I) = TT(JJ,I) 
105 NEXT I 
110 N = SN(JJ) + 1 
111 REM --------------------
130 REM PRINT HARD COPY LABEL 
133 PRINT CHR$ (4);"PR#2" 
134 PRINT "PROBE NUMBER ";11: PRINT 

135 PRINT" X TEMP It: PRINT 

136 PRINT CHR$ (4);ItPR#0" 
137 REM --------------------

Fig. B-4. Quadratic fit program 2. Fits data previously stored 
on disk by calibration program two to quadratic 
expressions. A quadratic expression is produced for 
each probe and each amplifier setting. Output stored 
on disk file name "calibration coefficients." 
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140 REM 

141 REM 
142 EE = 
143 FF = 
144 GG = 
145 HH ;:: 
146 KK ;:: 
147 LL == 
148 MM ;:: 
149 DD ;:: 
170 FOR 
180 DD ;:; 
190 EE ;:; 
200 FF ;:; 
210 GG ;:: 
220 HH = 
230 KK ;:: 
240 LL == 

250 MM = 
251 REM 

o 
o 
o 
o 
o 
o 
o 
o 

CALCULATE COEFFICIENTS 
AA, BB, AND CC WHERE 
T;:;AA+BB*ADtCC*AP*AP 

I ::::: 0 TO SN(JJ) 
DD t X(I) 
EE t X(I) ... 2 
FF t X(I) ... 3 
GG + X(1) ... 4 
HH t X(I) * Y(I) 
KK + Y(I) * XCI) ... 2 
LL + Y(I) * XCI) ... 3 
MM + Y(I) 

HARD COPY OF INPUT DATA 

252 PRINT CHR$ (4);"PRI2" 
253 PRINT X(I);" ";Y(I) 

254 PRINT CHR$ (4);"PRIO" 
260 NEXT I 
270 R1 ;:; DO * MM - N * HH 
280 R2 ;:: DO ~ 2 - N * EE 
290 Sl = N * FF - DO * EE 
300 S2 = DO ... 2 - N * EE 
310 RR ;:: R1 / R2 
320 SS = Sl / S2 
330 C1 = KK * N - EE * MM + EE * 

DD * RR - RR * FF * N 
340 C2 == N * GG + N * SS * FF - E 

E * PP * SS - EE ... 2 
350 CC == C1 / C2 
360 81 ;:: DO * MM - N * HH + CC * 

(N * FF - DO * EE) 
370 B2 == DO ... 2 - N * EE 
380 BB = B1 I B2 
390 A1 ;:: MM - BB * DO - CC * EE 
400 AA == Al / N 
410 REM ---------------------. 

Fig. B-4. Continued. 
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490 REM HARDCOPY OF COEFFICIENT 
S 

500 PRINT CHR$ (4);"PR#2" 
531 PRINT "AA= ";AA 
532 PRINT "BB= ";BB 
533 PRINT "CC= ";CC 
536 PRINT: PRINT 
537 PRINT CHR$ (4);"PRI0" 
545 A(JJ,II) = AA 
550 B(JJ,II) = BB 
555 C(JJ,II) = CC 
560 NEXT II 
565 NEXT JJ 
570 REM END OF LOOPS 
590 REM ----------------------599 REM STORE COEFFICIENTS 

ON DISK 
600 INPUT "ENTER MONTH DAY YEAR" 

iMO,DA,YR 
608 OS = CHR$ (4):NA$ = "CALIBRA 

TION COEFFICIENTS" 
609 PRINT D$;"OPEN";NA$;",L900,D 

1" 
610 PRINT D$i"WRITE";NA$;",RO" 
615 PRINT MO: PRINT DA: PRINT YR 

620 FOR J = 0 TO 4 
630 FOR I = 0 TO 15 
640 PRINT A(J,I) 
650 PRINT B(J,I) 
660 PRINT C(J,I) 
670 NEXT I 
680 NEXT J 
690 PRINT D$;"CLOSE" 
698 END 
699 REM -----------------------

Fig. B-4. Continued. 
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700 REM READ IN STORED DATA 
710 D$ = CHR$ (4): PRINT D$;"OPE 

N";NA$;".DAT,L900,Dl" 
720 PRINT D$;"READ";NA$;".DAT,RO 

" 730 INPUT RX: PRINT D$;"CLOSE" 
740 FOR JX = 1 TO RX 
750 PRINT D$;"OPEN";NA$;".DAT,L9 

00,D1" . 
760 PRINT 0$; "READ";NA$; ".DAT,R" 

;JX 
770 INPUT TE 
760 INPUT AS 
790 FOR II = 0 TO 15 
800 INPUT X(II) 
810 NEXT II 
820 PRINT D$;"CLOSE" 
825 FOR II = 0 TO 15 
826 TZ(AS,II,SN(AS» = X(II) 
827 NEXT II 
830 TT(AS,SN(AS» = TE:SN(AS) = S 

N (AS) + 1 
840 NEXT JX 
845 FOR AS = 0 TO 4 
846 SN(AS) = SN(AS) - 1 
847 NEXT AS 
850 RETURN 
860 REM -----------------------

Fig. B-4. Continued. 
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1 LOMEM: 16384: REM THIS PROGRA 
M IS MODIFIED FOR PROBE SPAC 
ING OF .25 INCHES 

2 DIM A(30,16),B(16),DS(16),ZC(3 
2),TZ(32),TS(32),D(15),E(15) 
,F(15) 

3 REM CALIBRATION COEFF. ON DAT 
E 6/20/84 BY TRJ, MODIFIED S 
TORAGE AND PRINT STATEMENTS 
ON Fl0/26/83, MODIFIED FOR 0 
NE DISC DRIVE ON 12/20/83 

4 REM PROGRAM READS EACH OF 
16 CHANNELS OF THE A TO D 
AND CONVERTS TO TEMPERATURES 

5 GOSUB 800 
6 REM -----------------------7 REM STATEMENTS 13 TO 16 

INPUT GENERAL DATA FROM 
THE KEYBOARD 

8 REM STATEMENTS 17 TO 19 
INPUT GENERAL DATA FROM 
DISK DRIVE ONE 

11 INPUT "RUN NUMBER> "iNAS 
12 INPUT "NEW RUN(Y/N) > "iYN$: IF 

YNS = "N" THEN 17 
13 INPUT "0 COLD (FT A 3/SEC) = "i 

01: INPUT "0 HOT (FT A 3/SEC) 
= "i02: INPUT "CHANNELL INVE 
RT-READ(.lFT) = ";CH: INPUT 
"WATER SUR. EL.-READ(.lFT) = 

" ;WS 
14 INPUT "TEMP. COLD(O C)= ";T1: 

INPUT "TEMP. HOT AT OUTLET( 
o C) = ";T2 

15 DS = CHR$ (4): PRINT DS;"OPEN 
"iNA$;".DAT,L900,Dl": PRINT 
D$i"WRITE";NA$;".DAT,RO" 

16 RX = 0: PRINT RX: PRINT 01: PRINT 
02: PRINT CH: PRINT WS: PRINT 
T1: PRINT T2: PRINT DS;"CLOS 
E": GOTO 20 

17 DS = CHRS (4): PRINT DS"OPEN" 
iNASi".DAT,L900,Dl": PRINT D 
S;"READ";NASi"·DAT,RO" 

18 INPUT RX: INPUT 01: INPUT 02: 
INPUT CH: INPUT WS: INPUT T 

1: INPUT T2: PRINT D$i"CLOSE 
" 

Fig. B-5. Sampling program one. Used until April 1985. 
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'I 

19 PRINT NA$,RX,Q1,Q2,CH,WS,Tl,T 
2 

20 REM -----------------------
21 REM INCREMENT 

RX + 1 
16 
o 

RECORD NUMBER 
22 RX ;:: 
23 NU = 
24 N5 ;:: 
25 REM INPUT POSITION OF TEMP 

PROBE IN RESERVOIR 

26 SI ;:: 0 
27 REM INPUT FROM KEYBOARD 
30 INPUT "TYPE X,Y,Z CO-ORDS";X, 

Y,Z 
31 INPUT "1 OR 2 DEPTH POSNS?";I 

S 
33 INPUT "NO. OF IMMERSED PROBES 

;:: "iNU 
34 ND ;:: 15 
35 REM GO COMPUTE TEMP VALUES 

AT THIS POSITION 

36 REM WARNING BUZZ 
37 FOR I ;:: 0 TO 100:XX;:: PEEK 

- 16336): NEXT I 
38 REM --------------------
39 REM GO TO READ TEMPERATURES 
40 GOSUB 420 
41 REM· --------------------
45 REM SAVE THE DATA FROM THE 

SURFACE POSITION 

50 Z5 ;:: (16 - NU) * .25 
70 FOR I ;:: 0 TO 15:ZC(I) ;:: Z + • 

25 * I:TZ(I) ;:: B(I):TS(I) ;:: 
DS(I):ZC(I) ;:: ZC(I) - Z5: NEXT 
I . 

72 REM ---------------------
73 REM ADDITIONAL STATEMENTS 

FOR MULTIPLE DEPTHS 
74 IF IS ;:: 1 GOTO 229 
75 REM INPUT NEW DEPTH OF TOP-H 

OST PROBE IN INCHES 
85 INPUT "TYPE NEW Z CO-ORD";TE 
87 Z ;:: (WS - TE - .33333) * 12 
95 REM COMPUTE NEW TEMP VALUES 

Fig. B-5. Continued. 
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;,";. 

96 INPUT "NO. OF IMMERSED PROBES 
= u;N2U 

97 FOR I = 1 TO 100:XX = PEEK ( 
- 16336): NEXT I 

98 SI = 2 
99 REM GO TO READ TEMPERATURES 
100 GOSUB 420 
101 ND = 15 + N2U 
102 REM --------------------
105 REM SAVE DATA FROM DEEP 

POSITION 

130 FOR I = 16 TO ND:ZC(I) = Z + 
.25 * (I - 16):TZ(I) = B(I -
N2U):TS(I) = DS(I - N2U): NEXT 
I 

132 REM --------------------
135 INPUT "TYPE 1 TO LIST ARRAY" 

145 
150 

151 

;R 
HOME 
REM 

REM 

155 F = 0 

DISPLAY DATA IN ORDER 
FROM SHALLOWEST TO 
DEEPEST PROBE 
SORT TEMPS FROM SHALLOW 

TO DEEP 

159 NN = ND - 1 
160 FOR J = N5 TO NN 
165 IF ZC(J) < = ZC(J + 1) THEN 

GO TO 220 
180 T = ZC(J):ZC(J) = ZC(J + l):Z 

C(J + 1) = T 
195 T = TZ(J):TZ(J) = TZ(J + l):T 

Z(J + 1) = T 
210 T = TS(J):TS(J) = TS(J + l):T 

S(J + 1) = T 
215 F = 1 
220 NEXT J 
225 IF F = 1 THEN GOTO 155 
227 IF R < ) 1 THEN GOTO 260 
228 REM DISPLAY ROUTINE 
229 N1 = N5 + 1: PRINT: PRINT PRINT 

230 FOR I =N5 TO ND 
231 IF I < > 16 THEN 235 
232 POKE - 16368,0 
233 WAIT - 16384,128 
235 PRINT ZC(I),TZ(I),TS(I) 
240 NEXT I 

Fig. B-5. Continued. 
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241 REM --------------------
245 REM PLOT THE TEMP PROFILE 
250 PRINT 
255 PRINT 
260 INPUT "TYPE 1 FOR PLOT";V 
265 IF V < > 1 THEN 310 
267 N1 ;; N5 + 1 
26B Z5 = ZC(N5) 
270 HGR 
275 HCOLOR= 3 
280 HPLOT 0,0 TO 279,0 TO 279,15 

9 TO 0,159 TO 0,0 
285 PT = TZ(N5) * 10:PZ = (ZC(N5) 

- Z5) * 10 
290 HPLOT PT,PZ 
295 FOR I = N1 TO ND:PT = TZ(I) * 

10:PZ = (ZC(I) - Z5) * 10 
300 HPLOT TO PT,PZ 
305 NEXT I 
306 REM -----------------------

310 REM STORAGE OF DATAFILE 
311 REM ON DISK DRIVE ONE 
316 INPUT "TYPE 1 FOR STORAGE "; 

QO 
317 TEXT 
320 IF 00 < > 1 GOTO 23 
321 REM GO TO HARDCOPY 
322 GOSUB 600 
335 REM STORAGE ON RECORD 1 PP 
340 D$ = CHR$ (4): PRINT D$;"OPE 

N";NA$;".DAT,L900,D1" 
350 PRINT D$;"WRITE";NA$;".DAT,R 

";RX 
354 PRINT ND: PRINT N5 
355 PRINT X: PRINT Y: FOR I = N5 

TO ND: PRINT ZC(I): PRINT T 
Z(I): PRINT TS(I): NEXT I 

360 PRINT D$;"CLOSE" 
371 PRINT D$;"OPEN";NA$;".DAT,L9 

00,D1": PRINT D$;"WRITE";NA$ 
;".DAT,RO" 

372 PRINT RX: PRINT 01: PRINT 02 
: PRINT CH: PRINT WS: PRINT 
T1: PRINT T2: PRINT D$;"CLOS 
E" 

Fig. B-S. Continued. 
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373 REM ----------------------
374 REM DECISION STATEMENTS 
375 INPUT "1 TO CONTINUE OR 2 TO 

STOP"iRR 
390 IF RR < 2 THEN 22 
395 END 
400 REM -------------------
415 REM SUBROUTINE READS EACH 

OF 16 CHANNELS 30 TIMES 
AND CONVERTS TO TEMPS 

420 FOR I = 0 TO 29 
425 FOR J = 0 TO 15 
426 A(I,J) = 0.0 
430 B(J) = 0.0 
431 N5 = 15 - NU + 1 
432 IF SI = 2 THEN N5 = 15 - N2U 

+ 1 
433 IF J < N5 GOTO 460 
435 L = 49328 + J 
440 M = PEEK (L) 
445 AC = PEEK (L) 
450 REM ADJUST TEMP VALUES 

ACCORDING TO 
CALIBRATION 
COEFFICIENTS 

454 REM CONVERT A TO D TO TEMP 
455 A(I,J) = D(J) + E(J) * AC + F 

(J) * «AC A 2) / 100000) 
460 NEXT J 
465 NEXT I 
466 FOR I = 0 TO 100:XX = PEEK 

( - 16~36): NEXT I 
470 REM COMPUTE AVERAGE TEMP 

FOR EACH PROBE 

475 FOR J = 0 TO 15 
480 FOR I = 0 TO 29 
485 B(J) = B(J) + A(I,J) 
490 NEXT I 
495 B(J) = 10 * B(J) I 30 
497 B(J) = B(J) + 0.5 
500 BO = INT (B(J» 
505 B(J) = BO I 10 
510 PRINT J,B(J) 
515 NEXT J 

Fig. B-S. Continued. 
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520 REM COMPUTE THE STANDARD 
DEVIATION OF THE 
AVERAGE TEMP VALUE 

525 FOR J = 0 TO 15 
530 DS(J) = 0 
535 FOR I = 0 TO 29 
540 BS = (B(J) - A(I,J» ~ 2 
545 DS(J) = DS(J) + BS 
550 NEXT I 
555 DS(J) = DS(J) I 29 
560 DS(J) = (DS(J) ~ 0.5) * 100 
565 DS(J) = INT (DS(J» 
570 DS(J) = DS(J) I 100 
575 NEXT J 
579 N5 = 15 - NU + 1 
580 RETURN 
585 REM ----------------------
590 REM HARD COpy SUBROUTINE U 

SING PRD2, HARD COpy GENERAT 
ED FOR STORED DATA 

600 PRINT DS;"PR#2" 
610 PRINT: PRINT : PRINT 
620 PRINT "RECORD-NR= ";RX 
630 PRINT "X= ";X 
640 PRINT "Y= ";Y 
650 FOR I = NS TO ND 
660 PRINT ZC(I),TZ(I),TS(I) 
670 NEXT I 
690 PRINT D$;"PR#O" 
700 RETURN 
701 REM ----------------------

Fig. B-S. Continued. 
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800 REM CALIBRATION COEFF. 
801 0(0) = .952753158:E(0) = .126 

33757:F(0) = - 6.2733508 
802 0(1) = 1.78658492:E(1) = .118 

410396:F(1) = - 5.7344646 
803 0(2) = - .165913138:E(2) = • 

130571595:F(2) = - 6.631609 
9 

804 0(3) = 1.14996183:E(3) = .121 
181546:F(3) = - 5.80534579 

805 0(4) = .791022423:E(4) = .122 
531235:F(4) = - 5.83950766 

806 0(5) = .106431147:E(5) = .128 
700163:F(5) = - 6.31684705 

807 0(6) = .390166248:E(6) = .127 
68318:F(6) = - 6.39021647 

808 0(7) = - .495297196:E(7) = • 
133771346:F(7) = - 6.916948 
36 

809 0(8) = - .844869304:E(8) = • 
135694737:F(8) =. - 6.887658 
83 

810 0(9) = - .412590547:E(9) = • 
133553042:F(9) = - 6.893545 
84 

811 0(10) = - .861794286:E(10) = 
.134080928:F(10) = - 6.7675 
0073 

812 0(11) = .621088374:E(11) = .1 
26521112:F(11) = - 6.072625 
75 

813 0(12) = - 1.39337436:E(12) = 
.136697501:F(12) = - 7.0053 
0596 

814 0(13) = - .903896542:E(13) = 
.13464307:F(13) = - 7.01248 
076 

815 0(14) = 1.17867302:E(14) = .1 
24955561:F(14) = - 6.112635 
45 

816 0(15) = 1.76471115:E(15) = .1 
21636159:F(15) = - 5.849417 
36 

820 REM COEFFICIENTS FROM, FEB 4 
/85 CALIBRATION EXCEPT PROBE 
S 10 ANO 11 FROM FEB 22/85 C 
ALIBRATION 

830 REM ----------------------
850 RETURN 

Fig. B-5. Continued. 
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Fig. B-6. 

1 REM lINTERGERI,J,L 
2 DIM A(30,16),B(16),DS(16),ZC(3 

2),TZ(32),TS(32),D(15),E(15) 
,F(15) 

3 REM SAMPLING PROGRAM READS 
16 CHANNEL A TO D AND 
CONVERTS TO TEMPERATURES 

4 REM COEFF FROM MARCH 25/85 
MODIFIED SHORT VERSION FOR 
HORIZONTAL BEACH IN APR 85 

5 GOSUB 800 
6 REM -------------------------

7 REM STATEMENTS 13 TO 16 
INPUT GENERAL DATA 
FROM KEYBOARD 

8 REM STATEMENTS 17 TO 19 
INPUT GENERAL DATA 
FROM DISK DRIVE ONE 

11 INPUT "RUN NUMBER> ";NA$ 
12 INPUT "NEW RUN(Y/N) > ";YN$: IF 

YN$ = "N" THEN 17 
13 INPUT "0 COLD (FT A 3/SEC) = "; 

01: INPUT "0 HOT (FT A 3/SEC) 
= ";02: INPUT "CHANNELL INVE 
RT-READ( .1FT) = ";CH: INPUT 
"WATER SUR. EL.-READ(.1FT) = 

"iWS 
14 INPUT flTEMP. COLD(O C)= ";T1: 

INPUT "TEMP. HOT AT OUTLET ( 
o C) ::: "; T2 

15 D$ = CHR$ (4): PRINT D$;"OPEN 
";NAS;".DAT,L900,D1": PRINT 
DSi"WRITE"iNA$i"·DAT,RO" 

16 RX = 0: PRINT RX: PRINT 01: PRINT 
02: PRINT CH: PRINT WS: PRINT 
T1: PRINT T2: PRINT D$;"CLOS 
E": GOTO 20 

17 DS = CHR$ (4): PRINT DS"OPEN" 
;NAS;".DAT,L900,D1": PRINT D 
S;"READ";NA$;".DAT,RO" 

18 INPUT RX: INPUT 01: INPUT 02: 
INPUT CH: INPUT WS: INPUT T 

1: INPUT T2: PRINT D$;"CLOSE 
" 

19 PRINT NA$,RX,Q1,02,CH,WS,Tl,T 
2 

20 REM ------------------------

Sampling program tHO. Useci in compiled version from 
April 1985 to March 1986, Program modified. for 
horizontal beach only g"~ ~or faster execut10n. 
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21 REM 
22 RX = 
23 NU = 
24 N5 = 
25 REM 

INCREMENT RECORD 
RX + 1 
16 
o 

INPUT POSITION OF TEMP 
PROBE IN RESERVOIR 

26 SI = 0 
27 REM ENTER FROM KEYBOARD 
30 INPUT "TYPE X,Y,Z CO-ORDS";X, 

Y,Z 
31 IS = 1:ND = 15 
33 INPUT "NO. OF IMMERSED PROBES 

= ";NU 
34 REM ---------------------
35 REM GO COMPUTE TEMP VALUES 

AT THIS POSITION 

40 GOSUB 420 
41 REM ---------------------
45 REM SAVE THE DATA FROM THE 

SURFACE POSITION 

50 Z5 = (16 - NU) * .25 
60 REM CALCULATE DEPTHS 
70 FOR I = 0 TO 15:ZC(I) = Z + • 

25 * I:TZ(I) = B(I):TS(I) = 
DS(I):ZC(I) = ZC(I) - Z5: NEXT 
I 

190 REM ----------------------
200 REM DISPLAY DATA ON SCREEN 
229 N1 = N5 + 1: PRINT : PRINT PRINT 

230 FOR I = N5 TO NO 
235 PRINT ZC(I),TZ(I),TS(I) 
240 NEXT I 
250 REM ----------------------

Fig. B-6. Continued. 
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310 REM STORAGE ON DATAFILE 
316 INPUT "TYPE 1 FOR STORAGE "; 

00 
317 TEXT 
320 IF 00 < > 1 GOTO 23 
321 REM GO TO HARDCOPY 
325 GOSUB 600 
330 REM DISK DRIVE ONE STORAGE 

STATEMENTS 
335 REM STORAGE ON RECORD 1 PP 
340 OS = CHRS (4): PRINT D$;"OPE 

N";NA$;".DAT,L900,D1" 
350 PRINT D$;"WRITE";NA$;".DAT,R 

";RX 
354 PRINT ND: PRINT N5 
355 PRINT X: PRINT Y: FOR I = N5 

TO ND: PRINT ZC(I): PRINT T 
Z(l): PRINT TS(I): NEXT I 

360 PRINT D$;"CLOSE" 
371 PRINT D$;"OPEN";NA$;".DAT,L9 

00,01": PRINT D$;"WRITE";NA$ 
;".DAT,RO" 

372 PRINT RX: PRINT 01: PRINT 02 
: PRINT CH: PRINT WS: PRINT 
T1: PRINT T2: PRINT D$;"CLOS 
E" 

373 REM ----------------------
374 REM DECISION STATEMENTS 
375 INPUT "1 TO CONTINUE OR 2 TO 

STOP";RR 
390 IF RR < 2 THEN 22 
395 END 

Fig. B-6. Continued. 
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400 REM ----------------------
415 REM READ A TO D IN EACH OF 

16 CHANNELS AND CONVERT 
TO TEMPERATURES 

420 FOR J = 0 TO 15 
425 B(J) = O.:DS(J) = O. 
430 NEXT J 
435 L = 15:PA = 49328 
440 AC = PEEK (PA) 
445 FOR I = 0 TO 29 
450 FOR J = 0 TO 14 
455 AC = PEEK (PA + 1 + J) 
460 A = O(J) + E(J) * AC + F(J) * 

(AC A 2) / 1000000 
465 B(J) = B(J) + A 
470 DS(J) = DS(J) + A n 2 
475 . NEXT J 
480 AC = PEEK (PA) 
485 A = D(L) + E(L) * AC + F(L) * 

(AC A 2) / 1000000 
490 B(L) = B(L) + A 
500 DS(L) = DS(L) + A ~ 2 
505 NEXT I 
520 REM COMPUTE THE STANDARD 

DEVIATION OF THE 
AVERAGE TEMP VALUE 

525 FOR J = 0 TO 15 
530 DS(J) = DS(J) - (B(J) A 2) / 

30 
555 DS(J) = DS(J) / 29 
560 DS(J) = (DS(J) A 0.5) * 100 
565 DS(J) = INT (DS(J» 
570 DS(J) = DS(J) / 100 
575 NEXT J 
579 FOR J = 0 TO 15 
580 B(J) = 10 * B(J) / 30 
581 B(J) = B(J) + 0.5 
582 BO = INT (B(J» 
583 B(J) = BO / 10 
585 NEXT J 
588 RETURN 
589 REM ----------------------

Fig. B-6. Continued. 
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590 REM HARD COpy SUBROUTINE U 
SING PR#2, HARD COpy GENERAT 
ED FOR STORED DATA 

600 PRINT DS;"PR#2" 
610 PRINT: PRINT : PRINT 
620 PRINT "RECORD-NR= ";RX 
630 PRINT "Xc "IX 
640 PRINT "Y= ";Y 
650 FOR I = N5 TO NO 
660 PRINT ZC(I),TZ(I),TS(I) 
670 NEXT I 
690 PRINT D$;"PR#O" 
700 RETURN 
701 REM ---------------------
800 REM CALIBRATION COEFF. 
801 0(0) = 9.32350197:E(0) = .102 

417418:F(0) = 4.9695383 
802 0(1) = 10.3490331:E(1) = .096 

9766925:F(1) = 2.45183928 
803 0(2) = 8.80629394:E(2) = .105 

387734:F(2) = 2.91134634 
804 0(3) = 9.84861146:E(3) = .099 

1273088:F(3) = 2.15254473 
805 0(4) = 9.55324553:E(4) = .100 

011253:F(4) = 2.81644855 
806 0(5) = 9.01952458:E(5) - .104 

852913:F(5) = 1.79263979 
807 0(6) = 9.22733609:E(6) = .103 

791433:F(6) = 2.69674688 
808 0(7) = 9.03554554:E(7) = .107 

485916:F(7) = 4.43344406 
809 0(8) = 8.70579475:E(8) = .108 

99469:F(8) = 5.95479166 
810 0(9) = 9.07622797:E(9) = .107 

10149:F(9) = 5.65844215 
811 0(10) = 8 .• 66692517:E(10) = .1 

08716442:F(10) = 3.22607499 
812 0(11) = 9~80404336:E(11) = .1 

03659223:F(11) = 4.68969146 
813 0(12) = 8.36465367:E(12) = .1 

09038942:F(12) = 4.99511285 
814 0(13) = 8.71489966:E(13) = .1 

077644:F(13) = 4.53333423 
815 0(14) = 9.51259745:E(14) = .1 

01715988:F(14) = 4.89231662 
816 0(15) = 9.92225453:E(15) = .0 

998440515:F(15) = 3.89023874 
820 REM COEFFICIENTS FROM MARCH 

25/85 CALIBRATION 
850 RETURN 

Fig. B-6. Continued. 
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1 REM !I NTEGER I, J , L 
2 DIM B(119),DS(119),ZC(80),TZ(8 

0),TS(80),D(15),E(15),F(15), 
DD(4,15),DE(4,15),DF(4,15) 

3 REM PROGRAM SAMPLES TEMPS 
~ROM 16 THERMISTERS 

4 REM PROGRAM USED FROM MAR 86 
5 GOSUB 800 
6 REM --------------------
7 REM STATEMENTS 13 TO 16 

INPUT GENERAL DATA 
FROM THE KEYBOARD 

8 REM STATEMENTS 17 TO 19 
INPUT GENERAL DATA 

FROM DISK 
11 INPUT "RUN NUMBER> "iNA$ 
12 INPUT "NEW RUN(Y/N) > "iYN$: IF 

YN$= "N" THEN 17 
13 INPUT "0 COLD (FT A 3/SEC) = "i 

01: INPUT "0 HOT (FT A 3/SEC) 
= ";02: INPUT "CHANNELL INVE 
RT-READ(.IFT) = "iCH: INPUT 
"WATER SUR. EL.-READ(.lFT) = 
"i WS 

14 INPUT "TEMP. COLD(O C)= "iTl: 
INPUT "TEMP. HOT AT OUTLET( 

o C) ~ "iT2: GOSUB 1001 
15 D$ = CHR$ (4): PRINT D$i"OPEN 

";NA$;".DAT,L900,Dl": PRINT 
D$i"WRITE";NA$;".DAT,RO" 

16 RX = 0: PRINT RX: PRINT 01: PRINT 
02: PRINT CH: PRINT WS: PRINT 
Tl: PRINT T2: PRINT D$i"CLOS 
E": GOTO 20 

17 D$ = CHR$ (4): PRINT D$"OPEN" 
;NA$i".DAT,L900,Dl": PRINT D 
$ i "READ" ; NA$ ;," . DAT, RO" 

18 INPUT RX: INPUT 01: INPUT 02: 
INPUT CH: INPUT WS: INPUT T 

1: INPUT T2: PRINT D$;"CLOSE 

" 
19 PRINT NA$,RX,01,02,CH,WS,T1,T 

2 
20 INPUT "ENTER SELECTOR READING 

(A,B,C,D,E) ";AS$ 
21 GOTO 900 
22 ax = RX + 1 
23 NU = 16 
24 N5 = 0 

Fib. B-7. Sampling Program 3. Used for March-1986. Modified for 
the multiple channel amplifier. Reads "calibration 
coefficients" produced by quadratic fit program two. 
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25 REM INPUT POSITION OF TEMP 
PROBE IN RESERVOIR 

26 SI == 0 
27 REM INPUT PROBE POSITIONS 
28 REM FROM KEYBOARD 
29 PRINT "PROGRAM ASSUMES FIRST 

MEASUREMENT AT SURFAC 
E FOR MULTIPLE READINGS" 

30 INPUT "TYPE X AND Y CO-ORDS"; 
X,Y 

31 INPUT "NUMBER OF DEPTH POSITI 
ONS?";IS 

32 IF SI > = IS GOTO 135 
33 IF 81 == 0 GOTO 35 
34 PRINT "PROGRAM ASSUMES 16 IMM 

ERSED PROBES FOR MULTIP 
LE READINGS": INPUT "INPUT N 
EW Z CO-ORD"iTE:NU = 16: GOTO 
40 

35 INPUT "NO. OF IMMERSED PROBES 
= "i NU 

36 IF IS = 1 THEN GOTO 38 
37 INPUT "ENTER WATER SURFACE EL 

.-(FT)";WS 
38 ND = 15 - NU:N5 = 16 - NU 
39 REM ---------------------
40 GOSUB 420 
41 REM ---------------------
45 REM SAVE THE DATA FROM THE 

SURFACE POSITION 

50 Z == (WS - TE) * 12 
51 IF SI = 0 THEN Z = 0 
52 NB = ND + 1 
53 ND = ND + NU 
54 FOR I = NB TO ND 
55 ZC(I) = Z + 0.25 * (I - NB) 
56 TZ(I) = B(I - NB + 16 - NU) 
57 TS(I) == DS(I - NB + 16 - NU) 
60 NEXT I 
65 FOR I = NB TO ND 
66 ZC(I) = ZC(I) * 100 + 0.5 
67 ZC(I) == INT (ZC(I» 
68 ZC(I) = ZC(I) I 100 
69 NEXT I 
134 SI = SI + 1: GOTO 32 
135 R = 1 
140 REM ---------------------

Fig. B-7. Continued. 
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145 HOME 
150 REM DISPLAY DATA IN ORDER 

FROM SHALLOWEST TO 
DEEPEST PROBE 

155 F = 0 
159 NN = ND - 1 
160 FOR J ::: N5 TO NN 
165 IF ZC(J) < = ZC(J + 1) THEN 

GOTO 220 
180 T = ZC(J):ZC(J) = ZC(J + l):Z 

C(J + 1) ::: .T 
195 T = TZ(J):TZ(J) ::: TZ(J + 1):T 

Z(J + 1) ::: T 
210 T = TS(J):TS(J) = TS(J + l):T 

S(J + 1) ::: T 
215 F ::: 1 
220 NEXT J 
225 IF F ::: 1 THEN GOTO 155 
227 IF R < > 1 THgN GOTO 310 
229 N1 = N5 + 1: PRINT: PRINT: PRINT 

230 FOR I ::: N5 TO ND 
231 IF INT (I / 16) < > (I / 1 

6) THEN GOTO 235 
232 IF I ::: N5 THEN GOTO 235 
233 POKE - 16368,0 
234 WAIT - 16384,128 
235 PRINT ZC(I),TZ(I),TS(I) 
240 NEXT I 
250 REM -----------------------

310 REM STORAGE OF DATA FILE 
311 REM ON DISK DRIVE ONE 
316 INPUT "TYPE 1 FOR STORAGE It; 

QQ 
317 TEXT 
320 IF QQ < > 1 GOTO 23 
321 GOSUB 600 

Figure B-7. Continued. 
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335 REM STORAGE ON RECORD 1 PP 
340 D$ ~ CHR$ (4): PRINT D$;"OPE 

N";NA$;".DAT,L900,D1" 
350 PRINT D$;"WRITE";NA$;".DAT,R 

";RX 
354 PRINT ND: PRINT N5 
355 PRINT X: PRINT Y: FOR I ~ N5 

TO ND: PRINT ZC(I): PRINT T 
Z(I): PRINT TS(I): NEXT I 

360 PRINT D$;"CLOSE" 
371 PRINT D$;"OPEN";NA$;".DAT,L9 

00,D1": PRINT D$;"WRITE";NA$ 
;".DAT,RO" 

372 PRINT RX: PRINT 01: PRINT 02 
: PRINT CH: PRINT WS: PRINT 
T1: PRINT T2: PRINT D$;"CLOS 
E" 

373 REM ----------------------
374 REM DECISION TO CONTINUE 
375 INPUT "1 TO CONTINUE, 2 TO 

STOP , OR 3 TO CHANGE SELEC 
TOR ";RR 

376 IF RR = 1 THEN 22 
390 IF RR = 3 THEN 20 
395 END 
400 REM -----------------------

415 REM SUBROUTINE READS EACH OF 
F 

416 REM 16 CHANNELS 30 TIMES 
417 REM CONVERTS TO TEMPERATURE 

418 REM CALCULATES AVE AND ST.D 
EV. 

420 FOR J ~ 0 TO 15 
425 B(J) = O.:DS(J) = O. 
430 NEXT J 
431 REM 49328 IS VALUE IN 

MEMORY OF CHANNEL 0 
435 L = 15:PA = 49328 
440 AC = PEEK (PA) 
445 FOR I = 0 TO 119 
450 FOR J = 0 TO 14 
455 AC = PEEK (PA + 1 + J) 
457 IF AC > = 255 THEN GOTO 15 

00 
458 IF AC < = 0 THEN GOTO 1500 

Fieure B-7. Continued. 
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460 A = D(J) + E(J) '* AC + F(J) * 
AC * AC 

465 B(J) = B(J) + A 
470 DS(J) = DS(J) + A * A 
475 NEXT J 
480 AC = PEEK (PA) 
482 IF AC > = 255 THEN GOTO 15 

50 
483 IF AC < = 0 THEN GOTO 1550 

485 A = D(L) + E(L) * AC + F(L) * 
AC '* AC 

490 B(L) = B(L) + A 
500 DS(L) = DS(L) + A * A 
505 NEXT I 
520 REM COMPUTE THE STANDARD 

DEVIATION OF THE 
AVERAGE TEMP VALUE 

525 FOR J = 0 TO 15 
530 DS(J) = DS(J) - (B(J) * B(J» 

/ 120 
535 DS(J) = ABS (DS(J» 
555 DS(J) = DS(J) / 119 
560 DS(J) = (DS(J) ... 0.5) * 100 
565 DS(J) = INT (DS(J» 
570 DS(J) = DS(J) / 100 
575 NEXT J 
579 FOR J = 0 TO 15 
580 B(J) = 10 * B(J) / 120 
581 B(J) = B(J) + 0.5 
582 BO = INT (B(J» 
583 B(J) = BO / 10 
585 NEXT J 
588 RETURN 
589 REM ----------------------
590 REM HARD COPY SUBROUTINE U 

SING PRI2, HARD COpy GENERAT 
ED FOR STORED DATA 

600 PRINT D$;"PRI2" 
610 PRINT: PRINT : PRINT 
620 PRINT "RECORD-NR= ";RX 
630 PRINT "X= "IX 
640 PRINT "Y= ";Y 
650 FOR I = N5 TO ND 
660 PRINT ZC(I),TZ(I),TS(I) 
670 NEXT I 
690 PRINT D$;"PRIO" 
700 RETURN 

Figure B-7. Continued. 
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701 REM -~------------------
790 REM SUBROUTINE READS CALIB 
791 REM COEFFICIENTS FROM DISK 
800 0$ = CHR$ (4):NC$ = "CALIBRA 

TION COEFFICIENTS": PRINT 0$ 
"OPEN";NC$;",L900,Dl": PRINT 
D$;"REAO";NC$;",RO" 

805 INPUT MO: INPUT OA: INPUT YR 

810 FOR AS = 0 TO 4 
815 FOR I = 0 TO 15 
820 INPUT DD(AS,I) 
830 INPUT OE(AS,I) 
840 INPUT OF(AS,I) 
850 NEXT I 
860 NEXT AS 
870 PRINT D$;"CLOSE" 
880 RETURN 
890 REM --------------------
899 REM CHOOSE PROPER COEFF. 

FOR AMPLIFIER READlNG 
900 IF AS$ = "A" GOTO 910 
901 IF AS$ = "B" GOTO 915 
902 IF AS$ = "C" GOTO 920 
903 IF AS$ = "0" GOTO 925 
904 IF AS$ = "E" GOTO 930 
905 GOTO 20 
910 AS = 0: GOTO 940 
915 AS = 1; GOTO 940 
920 AS = 2: GOTO 940 
925 AS = 3: GOTO 940 
930 AS = 4 
940 FOR I = 0 TO 15 
950 D(I) = DO(AS,I) 
960 E(I) = DE(AS,I) 
970 F(I) = DF(AS,I) 
980 NEXT I 
990 GOTO 22 

Figure B-7. Contintued. 
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999 REM --------------------
1000 REM HARD COPY OF CALIB 

COEFFICIENTS 
1001 PRINT CHR$ (4);"PR82" 
1005 PRINT "CALIBRATION CONSTANT 

SIt: PRINT 
1006 PRINT "DATE CALIBRATED ";MO 

;"/";DA;"/"iYR 
1010 FOR AS = 0 TO 4 
1015 PRINT "AS = ";AS 
1020 FOR I = 0 TO 15 
1025 PRINT I,DD(AS;I),DE(AS,I),D 

F(AS,I) 
1030 NEXT I 
1035 PRINT 
1040 NEXT AS 
1045 PRINT "CONSTANTS" 
1050 PRINT Q1,Q2 
1055 PRINT CH,WS 
1060 PRINT Tl,T2 
1065 PRINT CHR$ (4);"PR#0" 
1070 RETURN 
1498 REM --------------------
1499 REM CHECK FOR A TO D ERROR 

1500 PRINT "******* ERROR ****** 
*" 

1510 PRINT "PEAK VAtUE OF PROBE 
8 "iJ 

1515 PRINT" WAS ";AC 
1517 PRINT "******************** 

1520 
1530 
1550 
1560 

*" 
PRINT : PRINT 
GOTO 20 

J = L 
GOTO 1500 

Figure B-7. Continued. 
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