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ABSTRACT

A search of available literature on research in stratified flow revealed
that the present state of research is dynamic, with many agencies and
institutions in several countries involved. The report reviews the
mechanics of stratified flow, including mathematical principles and
criteria for similarity. Alternative instrumentation systems are dis-
cussed. The research activities of the Bureau of Reclamation are de-
scribed and future research in hydraulics of stratified flow is proposed.
Research by the Hydraulics Branch will consist of general studies con-
cerning the influence of intake geometry on selective withdrawal from
reservoirs. The initial studies will be extended to determine the effects
of reservoir geometry. Gives 89 references.

DESCRIPTORS-- research and development/ reservoirs/ density cur-
rents/ *hydraulic models/ hydraulic similitude/ hydraulics/ instrumen-
tation/ temperature sensors/ thermocouples/ *water quality/ *strati-
fication/ thermistors/ Froude number/ velocity distribution/ turbulent
flow/ temperature/ energy/ salinity/ sediment concentration/ flow/
turbidity/ bibliographies/ reviews

IDENTIFIERS-- Richardson number/ *selective withdrawal/ *stratified
flow/ *thermal stratification/ uniform flow
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HYDRAULICS OF STRATIFIED FLOW--FIRST PROGRESS REPORT--
AN ANALYSIS OF THE STATE OF THE ART AND A DEFINITION OF
RESEARCH NEEDS

PURPOSE

The purposes of this report are to review the basic principles govern-
ing stratified flow in reservoirs and to define the present state of re-
search in this subject.

SUMMARY

The present state of research in stratified flow is dynamic, with many
agencies and institutions in several countries involved. Some areas
which apparently require additional research are: the influence of res-
ervoir and intake geometry on selective withdrawal and the optimiza-
tion of intake design, model studies of particular reservoirs and cor-
relation with prototype data, correlation of temperature distribution
with dissolved oxygen in reservoirs, artificial alteration of density
current distribution in reservoirs and estuaries, effects of hydraulic
structures such as stilling basins on reoxygenation, and effects of
earthquakes on movement of water in reservoirs.

Research is proposed for the Hydraulics Branch concerning selective
withdrawal from reservoirs. Pilot studies will be aimed at determin-
ing the effects of intake and reservoir geometry on selective with-
drawal. A temperature model with instrumentation consisting of
thermistors will be used.

Modeling of stratified flow is governed by the Froude and Richardson
numbers, which should be identical in the model and prototype. The
Richardson number is a function of the ratio of the densities of the
stratified layers and the Froude number of the layer being modeled.
The Richardson number can also be considered as a densimetric
Froude number, with the acceleration of gravity reduced by the ratio
of the densities. When a distorted geometric model is used, the dis-
charge should be increased to maintain turbulent flow, and the rela-
tive densities should be adjusted to maintain Richardson number
similarity.
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One source indicates that stratification due to temperature difference
is the most advantageous method of modeling stratified flows. Deter-
mination of density differences by measurement of temperatures can
be done very accurately. The same source recommends a thermo-
couple system for measurement of temperature.

INTRODUCTION

Population explosion and industrial growth have greatly increased the
use of water for domestic, industrial, and agricultural purposes. Sur-
face and underground sources of usable water are rapidly being depleted,
resulting in increased attention to methods for conversion of sea water
and brackish inland water to fresh water. Investigations are progressing
in the control of water quality in surface streams. Temperature, dis-
solved oxygen content, mineral content, turbidity, and pH are among im-
portant properties to be considered in water quality control.

The control of temperature is important for the maintenance of fish and
wildlife, irrigation, and industrial applications such as condenser water
supply for thermal generating plants. Stratification due to temperature
differences affects the absorption and transport of sewage effluent, the
movement of sediment, and the distribution of dissolved oxygen. On a
very large scale, the movement of temperature stratified layers in the
oceans affects continental climatic conditions.

Dissolved oxygen in streams is necessary for biological degradation of
sewage and industrial wastes, and stream and reservoir oxygen content
affects the growth of fish life.

Density variations caused by dissolved salts are considerations in the
design of locks between the sea and fresh water channels to control in-
trusion of salt water. Sea water intrusion into tidal estuaries andcoastal
ground-water aquifers has long been a serious problem affecting water
quality.

Knowledge of the movement of sediment in reservoirs (turbidity currents
or density underflows) is necessary for the determination of sediment
deposition and sluicing operations. Proper design of outlet structures
can ensure the release of clear water with desirable temperature and
dissolved oxygen content for downstream users.

The Bureau of Reclamation has shown increasing awareness of the prob-
lems of water quality control. Among these problems have been sedi-
ment movement in reservoirs, salinity of riverflows allocated to irri-
gation, and salinity intrusion in estuaries. Increasing attention is being
given to reservoir limnology and to selective withdrawal from reservoir
storage for the control of downstream temperature and dissolved oxygen
content, Growing use of USBR impoundments for domestic water supply
is giving added importance to water quality control.

2
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MECHANICS OF STRATIFIED FLOW

Portions of the discussion presented in this section were extracted from
Section 26 of Streeter's "Handbook of Fluid Dynamics" [6].1/

General

Most stratified flow problems are directly concerned with two-layered
systems. Multilayered systems are less common and have application
primarily to problems in meteorology. An extension of the multilayered
system is a system with a continuous density gradient. Uniform flow in
a two-layered system is usually associated with density currents, which
are commonly known as gravity currents or underflows. Examples of
this phenomenon are cool-water underflows in streams and reservoirs,
underflows of sewerage effluent, and density currents of suspended sed-
iment in reservoirs. Uniform two-layered flow systems can exist in
either a laminar or a turbulent state.

Nonuniform flow problems in two-layered systems include the movement
of saline wedges in salt water intrusion problems, the formation of sub-
surface hydraulic jumps during filling of locks, and the motion of waves
at the interface between two layers. Interfacial mixing due to wave mo-
tion must also be considered. The stability of the interface is important
in the mechanism of selective withdrawal, with specific reference to the
withdrawal of layers of known temperature in a stratified reservoir.

After mixing at the interface between fluids of different densities is well
established, the mechanics of diffusion become important. Diffusion in
motionless, stratified systems is classified as unsteady and one dimen-
sional, and is analogous to one-dimensional heat conduction in a thin rod.
In estuary studies the diffusion and accompanying distribution of salinity
can be used to predict the distribution of other "contaminants, ' such as
dissolved oxygen.

Highly stratified tidal estuaries (where the density differences are large)
tend to shift toward a vertically homogeneous (no stratification) type
through a process of steady-state diffusion, dependent upon the velocity
of the fresh water and the rate of energy dissipation. Another applica-
tion is the diffusion of jets discharging into a fluid of different density,
as in sewerline ocean outfalls or atmospheric pollution problems.

Mathematical Principles

Energy Concepts

This discussion will be limited to a two-layered system or, with certain
limitations, to any two layers in a more complex system. A definition

1/Numbers in brackels refer to references listed at the end of this report
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sketch is shown in Figure 1. It is assumed that the upper layer is static
and the lower layer is moving at a velocity u. The densities of the upper
and lower layers are designated by P, and P, respectively. The energy
equation between two points, a and b, on the interface is

2 2

u ub

a — ——
Pa+pz—é—+ngza"pb+pz2+ngzb (1)

with friction losses neglected, or when all terms are divided by ¥

2 2
u u,
h +=2 47 =h +=2+72
a 2g a b 2g b
In the upper layer:
+ = 2
P, ¥ P 82 P, ¥ P 82 (2)
Subtracting (2) from (1):
ui ui
02-2—+ng23-pnga=p2-2—+p2ga-pngb
Simplifying:

Assign
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Then

o) = g'H (3)

At a free surface (air-water interface), Ap =~ P, - Therefore,

- of (4)

Thus, at any point in the lower layer, the movement of fluid is governed
by the reduced gravitational force and is described by the dimensionless
parameter

— (5)

which is known as the densimetric Froude number.

Uniform Flow in a Stratified Fluid

The equilibrium equation is

T, T, =8pgh, 8 (6)
where 7 = bottom shear,
T, = shear at the interface,
h, = vertical depth of the bottom layer,
S = bottom slope.

Refer to the definition sketches in Figures 2 and 3, It is assumed that
the bottom layer is moving under a static upper layer of large extent,
as compared to the bottom layer. The velocities induced in the upper
layer by movement of the bottom layer may be neglected. It is also
assumed that the flow is two dimensional and that the velocity distri-
bution is fully developed. The equilibrium equation (6) describes these
conditions. The system may be considered as analogous to flow between
parallel boundaries; in this case the bottom is fixed and the interface is
assumed to be moving at a velocity, %;. The shear stress varies lin-
early from 7, at the bottom to zero at the point of maximum velocity,
o then to 7; at the interface. The interface shear is therefore
a constant proportion of the bottom shear.
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1 o (7)

where the constant o depends on the location of the maximum velocity
(see Figure 3).

1-2 Zm/h2

¢=1T57/h (8)
m 2

Substitution of Equation (7) in Equation (6) gives

h
= -——2—_ 9
T.=0pg T S (9)
T, may also be expressed as
£ & 10)
Te =T Py 2 (

where f is the Darcy-Weisbach resistance coefficient, and u is the
average velocity.

By equating Equations (9) and (10) and solving for u,

= _ Jagr 155 (11)
u=\%" Frre’
where g = -Ao—p g as defined earlier.

Equation (11) can be recognized as a generalized form of the equation for
uniform flow in open channels:

where R is the hydraulic radius and _L _ g
L

The usual form is U = C VRS , the Chezy equation.

Velocity distribution in laminar flow. --In laminar flow, viscous forces
affect the shear stress ratio described above, The friction coefficient, T,
varies with the Reynolds number, Re. A dimensionless parameter, J,
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which indicates a ratio of gravity and viscous forces, is included in the
expression for the laminar velocity distribution.

2
D
Re 28

where F' is the densimetric Froude number derived earlier. (The sub-
script 2 refers to the bottom layer.)

- uh

Fé: ke and Re2= 2
VETE,

The dimensionless form of the velocity distribution is

u Z l( Z 1 Z ] ’
S =] 4 2 e e e — = 2)
) h2 5h 12

Differentiation of this equation gives the relation between the interface
velocity and the maximum velocity,

ui_ l2J -1

Ynax 1237 + WbJ +-35—'

The lower critical value of Re for turbulent flow has been estimated to be
about 1, 000,

(13)

Turbulent flow in stratified fluids. --Velocities in turbulent flows of strat-
ified fluids may be estimated by adjustment of Equation (11). The problem
is not subject to exact analysis. The term (1 + @) in Equation (11) in-
dicates the necessary increase in f due to the presence of the interface
(a = 0 for free-surface flows). The value of f is obtained from the
Moody diagram for flow in conduits by using 4 h_ as the hydraulic radius,
then adjusting this value with the factor (1L + @) = Experiments have shown
an average value of @ of about 0.43, based on a maximum velocity occur-
ring at a depth of approximately 0.7 h,. No systematic variation with the
Reynolds number (V « 4 h2/v) for Reynolds numbers less than 10°

was noted.

Nonuniform Flow in Stratified Fluids

Knowledge of the mechanics of nonuniform flow in stratified fluids is im-
portant in analysis of saline intrusion in estuaries and the circulation of
cooling water in the vicinity of a thermoelectric powerplant. The deriva-
tion of the governing equations is relatively lengthyresnd-will not be pre-
sented here. It will suffice to say that generally pr{oblemsjﬁ@ﬁ%?ﬁform
rmmmw;__

o

P MR8 20m
! o

i

zivice Gentes
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flow in stratified fluids are related to changes in flow regime caused by
control sections consisting of fresh water barriers, artificial barriers,

or changes in cross-sectional shape or bottom profile. Again, these prob-
lems are analogous to those for free-surface flow.

The purpose of this section on the mathematical principles of the mechanics
of stratified flow has been to present the basic equations governing the mo-
tion of stratified fluids and to illustrate their similarity with corresponding
equations for free-surface flow. The more specific topics of sediment
transport, internal-wave motion, interfacial mixing, multilayered systems
and continuous -density gradients, and diffusion will not be discussed in this
report. A detailed discussion of these topics is included in Section 26 of
Streeter's Handbook of Fluid Dynamics, cited earlier,

Similitude and Modeling Laws

Criteria for Similarity

The densimetric Froude number was discussed in the preceding section and
was presented as Equation (5),

3

It
gl
N

The criterion for similitude is that the densimetric Froude number of the
model and prototype must be identical. An alternate expression, which is
also widely used, is the Richardson number, Ri, expressed by

Ri = 2P , &2 (14)
P 2
u
which is equal to 1
(¥1)*
The Richardson number may also be written
Ri = 4P, L (15)
p " F

This form suggests that, if the model is scaled according to the Froude
law, the model density differences must correspond to the prototype
density differences to ensure Richardson similarity.

In a detailed cooperative study by the TVA and the Corps of Engineers [b1]
the equations of motion and the conservation of mass equation were manip-
ulated to derive the densimetric Froude number for a flow in which the
density varies linearly over the entire depth:
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F' = ————
w5, (16)
g p
where u = average velocity,
h = flow depth,
p = density at bottom,
AP = change in density over h

The equation is essentially identical to Equation (5) for a two-layered
system.

M. B. Abbott and I. Larsen [43] discuss the modeling of a shallow sur-
face fluid spreading over another fluid and state that it is sufficient for
the densimetric Froude numbers of the model and prototype upper layers
to be equal. Their F' is in the same form as Equation (16). They
further explain that to correctly model two layers the densimetric Froude
number

u -=-1u
Ft = 1 2
[Ap (17)
-‘—); g(hl + h2)

should be used, where the subscripts 1 and 2 refer to the upper and lower
layers, respectively.

In summary, when modeling a system with a continuous density gradient
or either layer of a two-layered system, a densimetric Froude number
with a form similar to Equation (16) must be equal in model and proto-
type. If both layers of a two-layered system are modeled, Equation (17)
should be used.

Chen [46] discusses model simulation of thermal stratification in
shallow cooling reservoirs, with particular reference to heat exchange

at the surface and the effect of stratification on flow patterns. Several
excellent model-prototype comparisons are presented. Chen points out
that when the density differences in model and prototype are not equal it
is impossible to satisfy both the Froude and Richardson criteria. He
suggests that the Froude criterion can be neglected, since its impor-
tance is generally limited to the region in the immediate vicinity of the
reservoir inlet and the overall reservoir flow pattern is not greatly af-
fected. It seems to the writer that the Froude criterion should also be
considered in the vicinity of an outlet works intake, for example, when
studies are being made of the intake tower geometry. Possibly the error
can be minimized by maintaining small density differences and attributing

9
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less importance to the Richardson criterion. In other words, the si-
militude criterion would depend on the type of problem being studied.

A third criterion for similarity is that the Reynolds' number in the model
should be greater than a certain critical value based on the flow pattern.
Chen raises the important question as to what characteristic length should
be used in the dimensionless ratio., He suggests avoiding this difficulty by
dropping the length term and using the ratio 2 to replace the Reynolds'
number., This ratio hasthe dimensionsof feet. Y Therefore, the similarity

rule is <%> > (%) , where the subscripts refer to model and
m cr

critical, respectively. The rule reduces further to Qm > ch ]

Discharges above the value of ch will result in the same general flow pat-
tern. ch is governed by the model size, water depth, reservoir to-

pography, relative positions of the inlet and outlet, etc. Chen suggests
that the value of ch must be estimated from past experiments, then

checked in preliminary model tests.

Scale Distortion

D.I.H. Barr [45] states that if the model scale must be distorted be-
cause of laboratory space limitations or other reasons, the discharge
should be increased to maintain turbulent flow and allow the viscous
forces to be neglected. If the discharge is increased, the relative den-
sities should be adjusted to maintain Richardson similarity.

If the ratio of the increased discharge to the discharge computed for sim-
ilarity is defined as

Q

m

M=

Qm(computed)

then to maintain the original Richardson number, the model relative den-

sity is adjusted by
(é.?) = M2<§_9> (18)
o o
m D

where m and p designate model and prototype, respectively.

Barr suggests that exaggeration of the horizontal scale is necessary for
correct simulation of the rate of spread of a stratified layer. The appro-
priate exaggeration is determined through the use of a congruency dia-
gram, an example of which is presented in Barr's article. Barr states
that this diagram requires additional development.

10
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INSTRUMENTATION FOR MODEIL STUDIES

Density differences may be due to temperature, salinity, or turbidity.
Temperatures can be measured by thermometer, thermocouple, or
thermistor. Measurement of salinity is commonly accomplished by
determination of the conductivity of the sample. Turbidity measure-
ments are made by use of photoelectric cells or various mechanical
devices for in situ measurements. Diffusion of stratified layers can
be measured with radioactive isotopes and Geiger counters,

Measurements can be made in situ or by continuous abstraction record-
ing. Continuous abstraction recording, which consists of continuous
withdrawal of a sample, has generally been restricted to salinity meas-
urerhents. This method would probably be unsuitable for temperature
measurement because of heat losses.

Choosing a Recording System

Barr [87] suggests that the following factors should be considered in the
choice of a recording system:

1. Accuracy over desired range of density difference.

2. Speed of response to changes in the measured variable.

3. Ability to localize the point of measurement.

4. Disturbance to the flow.

5. Whether recording is automatic or by observer; if automatic,
whether continuous or intermittent; if intermittent, determination
of suitable interval.

6. Number of points which can be observed during one test.

7. Whether measurements are in situ or after abstraction; if the
latter, whether continuous or in samples; and the comparative value
of the results which might be obtained by these differing approaches,
8. Adaptability to differing aspects of nonhomogeneity studies.

9. Ease of use, including ease of interpretation of recording.

Use of Temperature Difference to Induce Stratification

Barr prefers the use of temperature rather than salinity or turbidity,
to simulate stratification in models. The primary advantage of this
method is that if temperatures can be determined to # 0.1° F., for
example, the density difference can be found to an accuracy of better

11
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than one part in ten thousand. There is no fully comparable method
available for measurement of density differences due to salinity or

turbidity. The primary disadvantages in the use of temperature as

the controlling variable are:

1. Variations in viscosity. This effect is negligible if the temper-
ature difference is small.

2. Nonlinearity of the temperature-density relationship. The
relation is approximately linear only between approximately 25°

and 60° F,

3. Heat losses. The problem of heat transfer between layers can be
minimized by maintaining a small temperature difference. Heat ex-
change through the model walls can be controlled by attempting to
maintain the water temperature approximately equal to the room tem-
perature and by insulating the model, or by air-conditioning the room.

Temperature Measurement by Thermocouple or Thermistor

Barr recommends a thermocouple system for the measurement of tem-
peratures, stating that such a system has the following advantages:

1. Good accuracy for the purpose intended as compared with other
methods.

2. Identical calibration for any number of probes.
3. Duplication of probes and probe systems at low cost.

4. Equally applicable to the recording of local temperature changes
due to individual turbulence eddies or to the recording of relatively
long-period average values.

5. Speed in obtaining data from many points.
A thermistor system has the same advantages as the thermocouple system.
The thermocouple or thermistor system would probably include a switch-

ing arrangement so that sets of probes could be read in quick succession,
The temperatures would be recorded on a multichannel oscillograph or

a printer.

Other Devices for Temperature Measurement

G. G. Watson[89]lists several other devices, most of which are for ap-
proximate measurements, including paints, papers, pellets, contact-
thermography, optical pyrometry, radiation pyrometry, projection
thermography, photographic techniques, electromagnetic effects, and
metallurgical techniques.

12
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Use of Salinity Difference to Induce Stratification

The primary advantage of the use of salinity difference over temper-
ature difference to induce stratification is elimination of the problem

of heat losses. One disadvantage is that the density cannot be deter-
mined as accurately as temperature. Another disadvantage is that
simultaneous measurement of the salinity of several points in the fluid
cannot be performed as expeditiously as can temperature measurement.

The use of salinity for variations in density could probably be accom-
plished with relatively simple mixing equipment; however, control of
the density might be more difficult than with a heat system.

Salinity Measurement by Conductivity

An external potential source is necessary to measure the conductance

of a solution. Sensors currently being used for measurement of con-
ductivity include platinized electrode sensors, potentiometric sensors,
and electrodeless sensors. The three types are described in detail in

a paper by A. F. Mentink [88]). Apparently, the only sensor which might
retain sufficient accuracy for use in a laboratory study is the platinized
electrode. Bridge circuitry is necessary for this method. Since con-
ductivity is dependent on temperature, some type of temperature com-
pensation must also be included in the system. Mentink states that tem-
perature effects are, generally, automatically compensated by using
thermistor-resistor networks. The measurement of conductivity does
not seem to offer any advantages with respect to instrumentation, as
compared to the measurement of temperature.

13
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PRESENT STATE OF RESEARCH (1966)

Research in stratified flow is currently being carried out by many
agencies and institutions. Massachusetts Institute of Technology,
California Institute of Technology, and many other domestic and
foreign educational institutions have accomplished basic and applied
research in the field, in many cases in cooperation with Government
agencies.

The U.S. Public Health Service, the Tennessee Valley Authority, the
U.S. Army Corps of Engineers, the National Bureau of Standards, the
U.S. Bureau of Reclamation, and many foreign agencies have conducted
investigations in various phases of water quality control and stratified
flow.

ASCE Seminar on Water Quality Management

In July of 1965, a Seminar on the Hydraulic and Engineering Aspects of
Water Quality Management in River and Reservoir Systems was held in
Chattanooga, Tennessee, under the sponsorship of the American Society
of Civil Engineers. The topics selected for discussion were: (1) im-
poundments, (2) rivers, (3) estuaries, (4) models and specific project
investigations as tools for solving problems, (5) data, instrumentation
and automation, (6) quality modification by physical controls, and (7)
systems and optimization. It was concluded that a need exists for im-
proved designs of outlet structures with possible inclusion of devices
such as floating weirs or submerged barriers. A special category of
improved outlet design is concerned with the design and testing of mul-
tiple outlets for existing structures. There is an apparent lack of data
on model -prototype conformance. It was also noted that data are lack-
ing on the exchange of energy and gases (such as dissolved oxygen)
across interfaces.

It was the consensus of the seminar participants that development of
appropriate instrumentation is in its early stages, particularly with
regard to portable equipment.

Need exists for the application of the engineering sciences to quality
modification by general techniques such as aeration devices, skimmers,
environmental control, selective withdrawal, and mixing under stratified
conditions.

Apparent Research Needs, Based on a Literature Search

Extent of past and present research, --Among the primary areas of the
mechanics of stratified flow which have been or are being investigatedare:
wave propagation in stratified flow; density currents and siltation in docks
and tidal basins; salinity intrusion; turbulent entrainment in stratified
flows; effects of currents, salinities and riverflow on river regimen;
motion of saline frontsin still water; vertical mixing in stratified flowing

14
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water; temperature distribution in stratified flow; velocity distribution

at the stratification interface; stratified flow in saturated porous media;
density currents in reservoirs; flow of saline water from locks into
fresh water channels; recirculation of cooling water in rivers and canals;
critical flow and hydraulic jumps in a multilayered system; atmospheric
flow problems; stability of layered flows; selective withdrawal, including
submerged sluice control of stratified flow and thermal density underflow
diversion; diffusion of stratified flows; and oxygen balance in estuaries.
It is noted that many of the general areas listed overlap each other, The
purpose of including this list is to acquaint the reader with the wide var-
iation in past and present research in stratified flow.

Areas needing additional research. --Some areas which apparently have
not been investigated or which have been investigated to a relatively small
extent are: the influence of reservoir and intake geometry on selective
withdrawal and the optimization of intake design, model studies of partic-
ular reservoirs and correlation with prototype data, correlation of tem-
perature distribution with dissolved oxygen in reservoirs, artificial alter-
ation of density current distribution in reservoirs and estuaries, effects
of hydraulic structures such as stilling basins on reoxygenation of rivers,
and effects of earthquakes on movement of water in reservoirs,

The topics listed in the preceding paragraph are based on an independ-
ent literature study conducted by the writer. It is interesting to note

that several areas requiring additional research in the writer's opinion
also agree with the findings of the previously described ASCE seminar.

Research Activities of the Bureau of Reclamation

Observation of the movement of stratified flows in Bureau of Reclama-
tionreservoirs began about 30 years ago in LLake Mead, andwas concerned
with the movement of density currents along the reservoir bottom. The
extent of prototype measurement has grown until, during the past few
years, detailed measurements of water chemistry have been made through-
out Lake Mead. These studies are being accomplished under the super-
vision of the Chemical Engineering Branch of the Division of Research in
Denver. Measurements of temperature and water chemistry also are being
made in Cheney Reservoir by the city of Wichita under contract. This
reservoir offers a unique opportunity to obtain very useful data as it uti-
lizes multiple outlets. Also, all releases pass through a treatment plant
so that discharge rates and quality may be very closely monitored. Meas-
urements of conductivity and temperature are also being made in Foss
Reservoir, Oklahoma,

The Chemical Engineering Branch hopes to extend the L.ake Mead meas-
urements upstream to Lake Powell and eventually to all reservoirs in
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the Colorado River Basin. This comprehensive study would allow an
analysis of the effects of all reservoirs on the water quality throughout
an entire river basin,

Future plans also include experiments on the natural reaeration rates of
streams downstream from dams, in particular for fast-moving streams
which prevail in the Bureau of Reclamation regions. Similar studies have
been made by the Tennessee Valley Authority on slow-moving streams.

It is also hoped to determine the effect of impoundments on the water qual-
ity of streams by making quality measurements on a selected stream be-
fore and after dam construction.

Region 2 of the Bureau of Reclamation is engaged in a water quality pro-
gram in California, The program includes determination of the effects

of diversion from the Sacramento River on water quality in the Sacramento
River Delta, effects of effluents from drains, reservoir turbidity, control
of water temperature in reservoir releases, reservoir algae control, and
other problems. Region 2 uses a mobile water quality monitoring van
which contains instrumentation for the measurement of dissolved oxygen,
pH, conductivity, air and water temperature, sunlight, and turbidity.
Regions 1 and 4 are also engaged in water quality monitoring programs.

Research by the Hydraulics Branch has been limited to an electric anal-
ogy study of the effects of selective withdrawal from L.ake Mead; hydrau-
lic, electric analogy, and mathematical studies of salinity intrusion in an
estuary; a general investigation of the hydraulics of density currents; a
study of cooling water circulation for a thermal generating plant; and a
limited study of stratified flow over weirs. No research in the hydrau-
lics of stratified flow has been conducted since 1956.

To the best of the writer's knowledge, no other significant studies have
been made.

PROPOSAL FOR RESEARCH BY THE HYDRAULICS BRANCH

It is proposed to begin a general study of the influence of intake geometry
on selective withdrawal. The initial study will be made in a laboratory
flume to develop testing procedures and instrumentation and to evaluate
methods of inducing stratification. Some basic data on the mechanism of
withdrawal from several levels in a reservoir can also be obtained at this
time. The methods will then be applied to a larger model, probably of an
existing reservoir, in an attempt to simulate observed prototype stratifi-
cation and study the effects of reservoir and intake geometry. It is hoped
that direct model -prototype comparisons can be made.

Facility Requirements

Temperature difference will be used to induce stratification. The test
flume will be located in a relatively compact area so that, if excessive
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heat losses appear to be a problem, the area can be enclosed and iso-
lated from the rest of the laboratory. A tentative layout of the test
facility is shown in Figure 4.

The initial tests will be made with two-layer stratification. This will
require water sources of two different temperatures. A small centrif-
ugal pump will be used to recirculate the layer under study, which will
probably be cooler than the static layer and slightly cooler than the room
temperature. Increases in temperature caused by heat transfer from the
warmer layer through the walls of the model, or from the pump, will be
compensated by enclosing a section of the circulation pipe in a temperature
cooling tank. The tank will contain cool water flowing at a rate depending
upon the required cooling rate. Three sides and the bottom of the testing
flume will be insulated by a 6-inch air space between two 3/4-inch ply-
wood sheets. The fourth side of the flume will consist of 2-inch-thick
plexiglass to permit visual observation of the stratified layers and to
minimize heat transfer from the room. The top of the flume will con-
sist of 1/2-inch-thick plexiglass located 6 inches above the water surface.
The resulting air space will be saturated, and at the same temperature

as the water to prevent heat transfer caused by evaporation at the water
surface. Measurements of temperature will be made through instrumen-
tation ports in the plexiglass cover.

The source of the warm layer will be the subfloor water storage which is
used for hydraulic model tests. This water has a temperature of about 17°
to 20° C which corresponds to a density of approximately 0.9988 to 0.9982
gm/ml. Water from the city supply lines, which has a temperature of
about 7° C (density of approximately 0.9999 gm/ml) will be used for the
more dense, lower layer. The disadvantage of this temperature range is
that it is in the upper portion of the temperature-density curve, Figure 5.

As the studies progress, it will become necessary to vary the tempera-
tures to perform tests for differing density ratios and to investigate multi-
layered or continuous density gradient situations. This variation could be
accomplished either by heating or cooling.

Heating may be required to move the temperature-density relation into the
more linear portion of the curve. This heating will be accomplished with
immersion heaters with thermostatic control. Dyes will be mixed at this
time to facilitate observation of the layers.

Instrumentation Requirements

Thermistors will probably be used for temperature measurement. Many
types are commercially available. The sensors can be mounted on ver=
tical probes or installed through the flume walls and can be used with the
oscillograph recorders or the digital printer presently available in the
laboratory.
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Temperature controllers will also be necessary for use with immersion
heaters or similar heating devices. The controllers monitor the temper-
ature and actuate relays to operate the heaters when the temperature de-
parts from the preset reference temperature. One channel of control is
required for each temperature or density layer.

Discharge rates and water surface levels will be determined with exist-
ing laboratory meters and gages. Velocities will be measured with min-
iature current meters or by time-lapse photography of the movement of
dye tracers.

It is hoped that some type of automatic device can be devised to eliminate
the necessity for manual control and laborious data monitoring. A scanner
would be required to sample data from each of several output channels at
specified time intervals.

18


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


SELECTED REFERENCES

Basic Research in Stratified Flow

1.

10.

11.

12.

Abbot, M. B. and Torbe, I., "On Flows and Fronts in a Strati-
fied Fluid, " Proceedings of the Royal Society (A), Vol. 273, 1963

Barr, D.I.H., "Some Aspects of Densimetric Exchange Flow, "
The Dock and Harbor Authority, Vol. 62, No. 494, December 1961

Barr, D.I.H., '"Pilot Studies of Densimetric Exchange Between
Parallel Flows, " Civil Engineering and Public Works Review,
October 1962

Barr, D.I.H. and Hassan, A.M.M., '"Densimetric Exchange Flow
and Rectangular Channels, " Hoiulle Blanche, Vol. 18, No. 7,
November 1963, pp 739-66

Ellison, T. H. and Turner, J. S., "Turbulent Entrainment in
Stratified Flows,' Journal of Fluid Mechanics, Vol. 6, Part 3,
1959, p 423

Harleman, D.R.F., "Stratified Flow,' Section 26 of Handbook
of Fluid Dynamics, edited by V. L. Streeter, McGraw-Hill,
New York, 1961

Harris, G. S., "Inclined Plume,' Journal of the Engineering
Mechanics Division, ASCE, No. EM1, February 1965

Kao, T. W., ""The Phenomenon of Blocking in Stratified Flow, "
Journal of Geophysical Research, February 15, 1965

Long, R. R., "Some Aspects of the Flow of Stratified Fluids , "
Part I, A Theoretical Investigation, ' Tech. Report No. 2, Johns
Hopkins University, Dept. of Civil Engineering, February 1953

Okuda, S., ""The Velocity Distribution at the Interface between
Two Liquids, " Journal of the Physical Society of Japan, Vol. 16,
No. 2, February 1961, pp 324-338

Schwind, R. G. and Vliet, G. C., "Observations and Interpre-
tations of Natural Convection and Stratification in Vessels, "
Proceedings of the 1964 Heat Transfer and Fluid Mechanics
Institute

Tlapa, J. A., "Corner Eddies in Rotation Flows,' SB Thesis,
MIT, June 1962

19


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


13. Trustrum, L., '"Rotating and Stratified Fluid Flow, ' Journal
of Fluid Mechanics, Vol. 19, Part 3, July 1964, pp 415-432

14, Webster, C.A.G., "Experimental Study of Turbulence in Den-
sity-Stratified Shear Flow, " Journal of Fluid Mechanics, Vol. 19,
Part 2, June 1964, pp 221-245

15. Willson, A, J., "On Stability of Two Superposed Fluids, "
Cambridge Philosophical Society Proceedings, Vol. 61, Part 2,
April 1965, pp 595-607

16. Wooding, R. A., "Mixing-Layer Flows in a Saturated Porous
Medium, " Journal of Fluid Mechanics, Vol. 19, Part 1, May 1965

Stratified Flow in Reservoirs, General

17. Bunker, R. M. and Hall, J. B., "A Study of Circulation and
Thermocline Development in a Small Scale Rotating Lake Model, "
SM Thesis, MIT, January 1965

t

18. Deguchi, T., "Experimental Study of Hydraulics for Reservoirs'
(in Japanese), Bulletin of the Agricultural Engineering Research
Station, Ministry of Agriculture and Forestry (Japan), No. 2,
March 1964

19. Harleman, D.R.F., Bunker, R. M., and Hall, J.B., '"Circu-
lation and Thermocline Development in a Rotating Lake Model, "
Proceedings, 7th Conference on Great Lakes Research, Pub.
No. 11, Great Lakes Research Division, University of Michigan,
1964

20. Haltan, H., "Salt Water in the Bottom Layers of Two Norwegian
Lakes, "' Nature, July 19, 1965

21. Kitkin, P. A., "Cross Circulation in Wind Currents and Depth
of Mixing in a Stabily Stratified Sea," (in Russian), Transactions
of the State Oceanographic Institute, Vol, II (23), 1949

22, Rapp, C. R., "Water Movements in Stratified Lakes, Deduced
from Observations in Windermere and Model Experiments, "
Gen. Assn. Int. Un. Geod. Phys., Bruxelles, Assn. Int. Hydrol.
Sci., 1952, 3:335-340

23. Stockhausen, P. J., "A Study of the Salinity Stratification of a
Distorted Rotating Lake Model, " S. B. Thesis, MIT, June 1964

20


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


Selective Withdrawal

24.

25.

26.

27,

28.

29.

30.

31.

32,

33.

34.

35.

Angelin, S. and Flikestad, K., "An Investigation of Intake
Arrangements for Cooling Water Supply of Stratified Seawater, "
Transactions, Seventh General Congress, IAHR, 1957

Brooks, N, H., "Hidden Flow Patterns in Reservoirs, ' Caltech
Research Bulletin

Churchill, M.A., '""Control of Temperature Through Streamflow
Regulation, ' Paper for USPHS Symposium on Streamflow Regu-
lation for Quality Control, Cincinnati, April 1963

Craya, A., "Recherches Theoretiques sur 1'Ecoulement de Cauches
Superposees de Fluides de Densites Differentes,' Assn, pour la
Diffusion de la Documentation Hydraulique, Grenoble, January-
February 1949, pp 44-55

Daughany, M. R. and Fattah, Q. N., "Characteristics of In-
verted Inlets Near a Density Interface,'" MIT, August 1962

Debler, W. R., '"Stratified Flow into a Line Sink, ' Journal of
Engineering Mechanics Division, ASCE, Vol. 85, No. EM3,
Tuly 1959

Elder, R. A, and Daughtery, G. B., "Thermal Density Under-
flow Diversion, Kingston Steam Plant, " Journal of Hydraulics
Division, ASCE, April 1958

Gariel, P., "Recherches Experimentales sur 1'Ecoulement de
Cauches Superposees de Fluides de Densites Differentes. "
Houille Blanche, Assn. pour la Diffusion de la Documentation
Hydraulique, Grenoble, January-February 1949, pp 56-64

Harleman, D.R.F. and Elder, R.A., "Withdrawal from Two-
Layer Stratified Flows, " Journal of Hydraulics Division, ASCE,
HY4, July 1965

Harleman, D.R.F., Gooch, R. S., and Ippen, A. T., "'Sub-
merged Sluice Control of Stratified Flow, " Journal of Hydraulics
Division, ASCE, April 1958

Huber, D. G., 'Irrotational Motion of Two Fluid Strata Towards
a Line Sink, " Journal of the Engineering Mechanics Division,
ASCE, Vol. 86, No. EM4, August 1960

Huber, D, G. and Reid, T. L., '""Experimental Study of Two-
Layered Flow Through a Sink, ' Journal of the Hydraulics
Division, ASCE, Vol. 92, No. HYI, January 1966

21


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


36. Jaske, R. T,, '"The Density-Flow Regime of Franklin D. Roosevelt
Lake," Report No. BNWL-20, Battelle Northwest, Pacific North-
west Laboratory, Richland, Washington, March 15, 1965

37. Kao, T. W., "A Free-Streamline Solution for Stratified Flow into
a Line Sink, " Journal of Fluid Mechanics, Vol. 21, Part 3, March
1965

38. Knight, W, E., "Improvement of the Quality of Reservoir Dis-
charges through Control of Discharge Elevation, ' Symposium on
Streamflow Regulation for Quality Control, Robert A. Taft Sani-
tary Engineering Center, April 3-5, 1963. Proceedings published
June 1965

39. Schlag, A., '"L'ecoulement Sur Deversoir D'un Liquide Heterogene
Stratifie' (in French), Houille Blanche, Vol. 20, No. 1, January-
February 1965, pp 21-23

40, Schuster, J. C., "Hydraulic Model Study of Stratified Flow over a
Weir,' U.S. Bureau of Reclamation Report Hyd-425, November
1956

41. TVA and U.S. Army Corps of Engineers, 'Internal Density Cur-
rents Created by Withdrawal from a Stratified Reservoir, "' Norris
Tennessee, February 1962

42, Yih, C. S., "On the Flow of a Stratified Fluid, " Proceedings,
3rd National Congress of Applied Mechanics, 1958

Modeling Laws and Similitude

43. Abbot, M. B, and Larsen, I., "On the Theory of Modeling in a
Stratified Fluid,' IAHR 10th Congress, Paper No. 1.16, London,
September 1963

44, Allen, J., "Scale Models in Hydraulic Engineering, "' Longmans,
London, 1947

45, Barr, D.I.H., "Model Simulation of Vertical Mixing in Strati-
fied Flowing Water,' The Engineer, Vol. 215, No. 5587, Feb-
ruary 22, 1963

46. Chen, Hui-quan, "A Method of Simulation for the Flow in Cool-
ing Reservoirs, ' Scientia Sinica, Vol. XIV, No. 12, Peking,
1965

47. Faure, J., "Similitude Conditions in Thermal Power Station
Cooling Water Circuit Studies, ' Houille Blanche, No. Special A,
1961, p 388 (in French)

22


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


48. Hassan, A.M.M., ""Scale Problems in Hydraulic Models where
Density Spread is Simulated,' M. Sc. Thesis, Glasgow University,
April 1962

49, Keulegan, G, H., ''Seventh Progress Report on Model Laws for
Density Currents, " National Bureau of Standards (unpublished)

50. Mortimer, C, H., "The Use of Models in the Study of Water
Movements in Lakes, ' Verh. int. Ver. Limnol, 1951, 11:254-260

51. O'Brien, M. P. and Cherno, J., '""Model Law for Motion of Salt
Water through Fresh,' Transactions, ASCE, Vol. 99, 1934,
p 576

52. Tiffany, J. B., "Recent Developments in Hydraulic Laboratory
Technique, "' Proceedings, Second Hydraulics Conference, Uni-
versity of Iowa, 1942

Temperature Distribution in Stratified Flow

53. Anicimova, E. P. and Pivovarov, A, A., "Calculating the Coef-
ficient of Vertical Turbulent Heat Exchange in Seas and Reser-
voirs, " (in Russian) Meteorology and Hydrology, No. 2, 1966

54, Bentwich, M. and Sideman, S., "Temperature Distribution in
Cocurrent Two-Phase (Liquid-Liquid) Laminar Flow on Inclined
Surfaces, " ASME Transactions, Journal of Heat Transfer,
November 1964

55. Basin, Lotter, and Proskuryakov, "Project on the Calculation
of Standard and Technical Hydrothermal Conditions in the Plan-
ning of Hydro-installations and Measures Designed to Prevent
Ice Interference at Hydroelectric Power Plants'' (in Russian),
Evergoizdat M. (State Press for Electric Power Plants, )
Moscow, 1939

56. Budyko, Berlyand, and Zubenok, "Method for the Climatic Cal-
culation of Heat Balance Components' (in Russian), Transac-
tions of the Main Geophysical Observatory, Vol. 48 {110), 1954

57. Dobryshman, Ye. M., ”Concerning Water Temperature Under
the Influence of Underlying Surface ' (in Russian), Trudy TS I1Pa,
Vol. 21 (48), 1950

58. Green, D, W,, Perry, R. H., Babcock, R. E., "Longitudinal
Dispersion of Thermal Energy through Porous Media with Flow-
ing Fluid, " A.I.Ch.E. Journal, Vol. 10, No. 5, September 1964,
pp 645-651

23


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


59. Kolesnikov and Pivovarov, '"Concerning the Calculation of the
Fall Cooling of Reservoirs" (in Russian), Proceedings of the
Academy of Sciences, USSR, Vol. 93, No. 6, 1953

60. Kritskiy, Menkel, and Rossinskiy, '"Winter Thermal Regime of
Reservoirs, Rivers, and Canals (in Russian), State Press for
Power Engineering, Moscow and Leningrad, 1947, also AN USSR,
Vol. 3, 1948

61. Piotrovich, V. V., '"The Formation and Thawing of Ice on Lakes
and Reservoirs and Calculation of the Periods of Icing and Clear-
ing," USAF Translation, June 1961

62. Proskuryakov and Bihikov, ''Method of Forecasting Water Temperature

in Natural Reservoirs,' (in Russian) Izvestiya NIIGI, Vol. 16, 1935

Heat Losses

63. Bowen, I. S., "The Ratio of Heat Losses by Conduction and by
Evaporation from Any Water Surface, ' The Physical Review,
Vol. 27, 1926

Turbidity Currents and Siltation

64, Allen, F. H. and Price, W. A., "Density Currents.and Siltation
in Docks and Tidal Basins, " The Dock and Harbour Authority,
July 1959

65. Lane, E, W., "Some Hydraulic Engineering Aspects of Density
Currents, " U.S. Bureau of Reclamation Report No. Hyd-373,
August 1954

Waves in Stratified Flow

' 66. Ball, F, K., "Energy Transfer between External and Internal
Gravity Waves, "' Journal of Fluid Mechanics, Vol. 19, Part 3,
July 1964

67. Kennedy, J. F. and Froebel, R, A., "Two-Dimensional Turbulent
Wakes in Density-Stratified Fluids,' ASME Paper 64-WA/UNT-11,
1964

68. Prych, E. A,, Harty, F. R., and Kennedy, J. F., '"Turbulent
Wakes in Density Stratified Fluids of Finite Extent,' MIT Hydro-
dynamics Laboratory Report No. 65, July 1964

Diffusion of Jets and Stratified Flow

69. Abraham, G., '"Horizontal Jets in Stagnant Fluid of Other Density, "

Journal of the Hydraulics Division, ASCE, Vol. 91, No. HY4, July
1965

24


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


70.

71.

Nece, R, E., Goldstone P. P., and Black, J. L., ''Single-
Port Suction Manifolds, "' J ournal of the Hydraulics D1V1S1on
ASCE, Vol. 92, No. HYl January 1966

Rawn, A, M., Bowerman, F. R., and Brooks, N. H., ''Diffus-
ers for Disposal of Sewage in Sea Water, " Transactions, ASCE,
Vol, 126, Part III, 1961, p 344

Stratified Flow in Estuaries, Salinity Intrusion

72.

73.

4.

75.

76.

7.

78.

79.

80.

81,

82.

Abbott, M. R., 'Salinity Effects in Estuaries, " Journal of
Marine Research, Vol, 18, No. 2, 1960, pp 101-111

Amstutz, D. E., "Analysis of the Salinity Regime of the Mis-
sissippi River-Gulf Outlet Channel, ' Texas A and M Univer-
sity, Dept. of Oceanography and Meteorology, August 1964

Barr, D. I. H., "Model Simulation of Salinity Intrusion in Tidal
Estuaries,' The Engineer, November 29, 1963

Hansen, D, V., "Similarity Solutions for Salt Balance and Cir-
culation in Partially Mixed Estuaries,' Thesis, University of
Washington, 1964

Harleman, D.R.F., "The Slgnlflcance of Longltudlnal Dispersion
in the Analysis of Pollution in Estuaries, ' Proceedings or the Sec-
ond Water Pollution Research Conference Tokyo, 1964

Hebert, D, J. and Lowe, F. C., '"Model Studies of the Sacra-
mento-San Joaquin Delta, ' U.S. Bureau of Reclamation Reports
No. Hyd-142 and Hyd-155, April 1944 and September 1944,
respectively

Holley, E. R., Jr., and Harleman, D.R.F., "Dispersion of
Pollutants in Estuary Type Flows, " MIT Hydrodynamics Labora-
tory Report No. 74

Inglis, C. C. and Allen, F. H., "The Regimen of the Thames
Estuary as Affected by Currents Salinities, and River Flow,
Proceedings, Institution of Civil Engineers, Vol. 7, 1957, p 827

Keulegan, G, H., Unpublished Report "An Experimental Study of
the Motion of Sallne Water from Locks into Fresh Water Channels,
National Bureau of Standards, 1957

1t

Price, W. A. and Kendrick, M. P., '"Density Currents in Estuary
Models, "' Houille Blanche, No, 5, 1962, pp 611-628

Schijf, J. B. and Schonfeld, J. C., "Theoretical Considerations
on the Motion of Salt and Fresh Water '"" Proceedings, Minnesota
International Hydraulics Convention (Sth Congress I.A.H.R.),
1953

25


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


Oxygen in Streams and Reservoirs

83.

84,

85.

Anon., Proceedings of Seminar on Oxygen Relationships in
Streams, R, A, Taft Sanitary Engineering Center, October 30-

November 1, 1957

Hull, C. H., "Discussion of Effects of Impoundments on Oxygen
Resources, " Proceedings of Seminar on Oxygen Relationships in
Streams, Cincinnati, Ohio, October 30-November 1, 1957

Hunter, H. M, and Potter, W, J,, Jr., ""Progress Report No, 2--
An Investigation of the Effect of Engineering Structures Upon the
Dissolved Oxygen Content of Streams and Reservoirs, " U. S,
Bureau of Reclamation Report CH-105, December 1962

86. Velz, C. J., "Deoxygenation and Reoxygenation, " Transactions,
" ASCE, 1939, p 560

Instrumentation

87. Barr, D.I.H., '""The Use and Measurement of Temperature

88.

89.

Difference in Hydraulic Laboratory Studies, " Instrument Prac-
tice, November 1962

Mentink, A. F'., "Instrumentation for Water Quality Determina-
tion, " Conference Preprint 153, ASCE Water Resources Engi-
neering Conference, Mobile, March 1965

Watson, G. G., "A Survey of Techniques for Measuring Surface
Temperature, ' National Engineering Laboratory Report No. 153,
June 1964

All listed references were not consulted in the preparation of this re-
port. Many were derived from other references and were included in
this listing because the title suggested possible application to this re-
search. Most of them contain many other references. The purpose
of compiling the selected list is to provide a basic source of informa-
tion for the present research and for future investigators.

26

GPO 859-365


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


~~_-Horizontal datum plane

From Harleman [6]

STRATIFIED FLOW IN RESERVOIRS

FIGURE | — DEFINITION SKETCH
GRAVITY FLOW IN A TWO-LAYERED SYSTEM

\ e~ ————— LT ——————~>
AN

E€9G-AAH 140d3y

I 34NSOI4d


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


REPORT HYD-563

P ot o I I L I O I A D I D A R

S xsin ¢

FIGURE 2— STEADY, UNIFORM FLOW I[N
LOWER-LAYER FLUID

From Harleman [6]

From Harleman [6] - —U--->

T,=Q7, interface Ui

A

| < AN

| =

| |

Y A+Z
! - Umax:
| Zm
L - —

hz' II l( >/

I |

| | <

| h2'/2 b Y

| | <

| | »e -

FIGURE 3—SHEAR-VELOCGITY DISTRIBUTION
IN LOWER-LAYER FLUID

TESIST



Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


Plexiglass Top (Air Sealed)
Water Saturated Air

Test Flum

(o]

Discharge Fipe

Plexiglass Side

Instrumentation Ports

-—-Drairn Not Shown
|—Baffle Not Visible

¥ 3™NOId

P arm Water
Withdrawal  forts
A
<
“0y, %,
/)é)’
R0,
97
Temporary Cooling  Tark
X
/ T
Return Line . /
37 i @ swavs Tk SAFETY
* UNITED STATES
DEPARTMENT OF THE INTERIOR
BUREAU OF RECLAMATION
O
«o“‘/v ' StratiFies FLow Stuovy - Testine  Faciuvry
\)
50‘?‘”
DRAWN.- - - .R.D.N ............. SUBMI T TED e e e ieeemmemcimc i ecemee —acusna
TRACED. - e e eeeeeee e RECOMMENDED .« oo e e memaee
CHECKED- - < e e e e -, APPROVED o e e e e e e e e e ccveem
Scale : : 2:0*
3-3-66 |

€949-GAH LdOd3yd


Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


FIGURE 5
REPORT HYD-563

1.0000 =

0.9990 N
0.9980

0.9970 \
0.9960

0.9950 \\
0.9940
o

5 10 15 20 25 30 35

DENSITY, 9m/m|

TEMPERATURE, °C

FIGURE 5 —TEMPERATURE-DENSITY RELATIONSHIP
FOR FRESH WATER



Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng


7-1750
(2-67)
Bureau of Reclamation

CONVERSION FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Bureau of Reclamation are those published by the American Soclety for
Testing and Materials (ASTM Metric Practice Guide, January 1964) except that additional factors (*¥) commonly used in
the Bureau have been added. Further discussion of definitions of quantities and units is glven on pages 10-11 of the

ASTM Metric Practice Guide.

The metric units and conversion factors adopted by the ASTM are based on the "International System of Units" (designated
SI for Systeme International d'Unites), fixed by the International Committee for Welghts and Measures; this system is

also known as the Glorgl or MKSA (meter-kilogram (mass)-second-ampere) system. This system has been adopted by the
International Organization for Standardization in ISO Recommendation R-31.

The metric technical unit of force is the kilogram-force; this is the force which, when applied to a body having a

mass of 1 kq,
center for sea level at 45 deq latitude.

glves it an acceleration of 9. 80665 m/sec/sec, the standard acceleration of free fall toward the earth's
The metric unit of force in SI units is the newton (N), which is defined as

that force which, when applied to a body having a mass of 1 kg, glves it an acceleration of 1 m/sec/sec. These unlts
must be distinguished from the (inconstant) local weight of a body having a mass of 1 kg; that is, the weight of a

body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration due to gravity. However, because it is general practice to use "pound" rather than the technically

correct term "pound-force," the term "kilogram" (or derived mass unit) has been used in this quide instead of "klogram-

force" in expressing the conversion factors for forces.

essential in SI units.

Table I

QUANTITIES AND UNITS OF SPACE

The newton unit of force will find increasing use, and is

Multiply By To obtain
LENGTH
Mil, . .. L. 25.4 (exactly). . . . . . .. Micron
Inches . . . . . ... ... 25.4 (exactly). . . . . . .. Millimeters
........... 2.54 (exactly)*, . . . . . . Centimeters
Feet . . . . . . « v o v .. 30.48 (exactly) . . . . . . . Centimeters
............ 0.3048 (exactly)*. . . . . . Meters
............ 0. 0003048 (exactly)* . . . . Kllometers
Yards . . . . . . .o ... 0.9144 (exactly) . . . . . . Meters
Miles (statute), . . . . . .. 1,608.344 (exactly)* .. . . . . Meters
............ 1.609344 (exactly) . . . . . Kilometers
AREA
Square inches. . . . . . .. 6. 4516 (exactly) . . . Square centimeters
Squarefeet . . . . . . . . . 928.03*%, . . . . . . .. .. Square centimeters

Square yards:

. Square meters

Square meters

Acres . . . . 0.40469* . . . . . . . . . Hectares

e e e e e e e e .. 4,04B.9%, ., . ... ... . . Square meters

C e e e e e e e 0.0040469* . . . . . . . . Square kilometers -
Square miles . . . . . . . . 2.68999. . . . . . . . . . Sguare kllometers

VOLUME

Cubicinches . . . . . . .. 16.3871. . . . . . . . . . Cublc centimeters
Cubicfeet. . . . . . . . .. 0.0283168. . . . . . . .. Cubic meters
Cubilcyards., . . « o . . . . 0.764655 . . . . . . . . . Cublc meters

CAPACITY

Fluld ounces (U.S.) . . .
Liquid ptats (U.S.) . . .
Quarts (U.S.). . . .

.« .

Gallons (U.S.). . . .

Gallons (U.K.) . .
Cublc feet. . .
Cublc yards. . . . . . ..
Acre-feet. . .

o e s o 4 e e o

28,5737 . . . . .. ...
296729 , . . .. . ...
0.47317¢

3,785.43% . . .

1,233.6% . . . . .

Cublc centimeters
Milliliters

Cublc decimeters
Liters

Cublc centimeters
Liters

. Cublc centlmeters

Cublc decimeters
Liters

Cubic meters
Cubic declmeters
Liters

Liters

Liters

Cubic meters
Liters
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Table 1I

QUANTITIES AND UNITS OF MECHANICS

Multiply By To obtain Multiply By To obtain
MASS WORK AND ENERGY*

Grains (1/7,0001b} . . . . . . . .. 64, 79891 (exactly) . . . Milligrams British thermal units (Btw)., . . . . . 0.252% , . ., . ... . Kilogram calories

Troy ounces (480 qrains). PN 31 035 Grams e e e 0. .1,085,08 L L. L. 0L Joules

gu‘nlggs (avdp) e e e e s G:-lams ?tu per po&md ......... P %.Szee(gmctly) ..... . %oﬁes per gram

ounds (avdp). . . . . .. ... . Kilograms oot-pounds . . . . . . . st e 4+ s e s oules

Short tons (5 000 1b). Kilograms

.. . . I . Metric tons POWER

Longtons(2.2401b). et 4. .1,018:05. . .. e o o+ . Kllograms

HOrSepOWEr . . « & « + o 4 o o o« « L700 L L L L L s o Watts
FORCE/AREA Btuperhour . . . . . . . . v e e 0.283071. . . . . . . . .. Watts

Foot-pounds per second . . . . . . . 1.356682 . . . . . . . Watts

Pounds per squareinch ., . . . . . .

0.070807. . . . . . .

. + . Kllograms per square centimeter
. + . . Newtons per square centimeter

HEAT TRANSFER

Pounds per square foot . . . . . . . .88243 . . . .. .. Kilograms per square meter
....... .8803. . . . . . ... .. Newtons per square meter Btu in, /hr 12 deg F (k,
MASS/VOL NSITY) thermal conductivity) e e e e é %12120 ‘e . . Kmm:ﬁﬁf/cm degC
UME (DE . . e e s e .. Kga m de
Btu ft/hr ft2 deg Cea 1.4880% . . . . ... . cha.lm/hrmgdegc
Ounces per cublc inch. . . . . . . . 1.72998 . . . .. . .. .. Grams per cubic centimeter Btu/hr ft2 de F(C ‘thermal
Pounds per cubicfoot . . . . . . . . L0186 . .. ... ... Kilograms per cubic meter conductance) . . . . . . .. 0.568 e e e . Mllliwatts/cgn e%C
e e s e 0.0160186 «+ .+ ... . Grams per cubic centimeter [ I S 4,882 .. . . Kg cal/hr m¢ de
Tons (long) percublcvard . . . . . . 1,32804 . . . . . . . . Grams per cubic centimeter Deg F hr {t2/Btu (R, thermal
resistance) . . e 1,761 v e+« ... DegCecmi/milliwatt
MASS/CAPACITY Btu/lb deg F (¢, heat capaclty) . . . 4,1888 . . . . .. .. .. T/gdegC
Btu/lbdegF . . . . o . . .0 0. 1.000"l .......... Cal/gram deg C
Ounces per gallon (U.S,) . . . . 7.4893. . . . . .. ... Grams per liter Fté/hr (thermal” dlﬁusivity) . 2581 . . ... . .. C% /sec
Ounces per gallon (U.K.) . . . 6.2362. . . .. ... .. Grams per liter . - . 0 09290%, . - . Mé/hr
Pounds per gallon (U.8.) . . . ... 119,829 . . . . . . . . . Grams per liter
Pounds per on (U.X,) . . . 9, 77 PP Grams per liter WATER VAPOR TRANSMISSION
BENDING MOMENT OR_TORQ Grains/hr #2 (water vapor
transmission) . . o . v .. .. 16.7 e e+ es... . Grams/24 hr m?
Inch-pounds . . . . . .. ... .. 0.0116521. . . . + + . Meter-kilograms Perms (permeance) , . e e 0.860 . . . .. ... . Metric perms
e e e . . 1.12085x 108, . . . . . .. Centimeter-dynes Perm-inches ggermeabmty) ..... 1.87 PSPPSRI Metric perm-centimeters
Foot-pounds . . . . . e e e e 0.138266. . . . . . . ... Meter-kilograms
e e e e 135582x107 .« .+ ... Centimeter-dynes
Foot-pounds per inch ................... Centimeter-kilograms per centimeter
Ounce-inches, . . . . . . . . . . . 72 008 PPN . Gram-centimeters
VELOCITY
Feetpersecond. . . . . . . . . .. 30. 48 (exactly). . . Centimeters per second
e e e e e e e 0. 3048 (exa,ctlyg* ...... Meters per second
Fm9ft per y}elar. e e e e e ?ggggz:izclu > RS Centimeters per second Table III
esperhour . . . . + 4 ¢ ¢ « o . exactly). . . . . . Kllometers per hour
e e e e 0.44704 (exactly) . , . . . . Meters per second QTHER QUANTITIES AND UNITS
ACCELERATION* Multiply By To obtain
Feet per second® , . . . . .. .. . 0.3048* . . . . . « + + . . Meters per second?® Cubic feet per squa.re foot per
day (seepage) . ce. 304.8*%, ... ... Liters per square meter per day
FLOW Pound-seconds per squa,re foot
(viscosity) . . . . . . . . .. .. 4, 8824*, e e Kilogram second per square meter
Cubic feet per second (second- Square feet per second (viscosity) 0.002903% . . . . .. .. Square meters per second
feet) . . . . . . N . 0.028317* . . ..« ... Cublc meters per second Fahrenheit degrees (change)*. . . . . 5/9exactly . . . . ... . Celsius or Kelvin degrees (change)*
Cubic ieelper minute . o . .. o4 . 0.4719 . . . . .. . ... Liters per second Voltspermil. . . . . . . c e 0.03937,  + . . . . . Kilovoits per millimeter
Gallons (U, S,) per minute . . . . . . 008309 . . . . ... .. . Litersper second Lumens per squa.re foat (foot-
candles) . v « . 0 4 4. . . .. 84 . . ... Lumens per square meter
FORCE* Ohm-circular mils per foot .. 0.001662 e e e Ohm-square millimeters per meter
Millicuries per cuble foot . . 36.3147% ., . ... L. .. Millicuries per cublc meter
Pounds, + « o v v 4 0 0 v . . 0.453692* . . . . ... .. Kilograms Milllamps per square foot . . 10, 7639* . Milllamps per square meter
e e e e e e e 4,4482*% . .. .. . . Newtons Gallons per square'yard . . . . 4, 527219* PPN Liters per square meter
e e e aeaeu 4.4482 x1079% . . . . L L Dynes Poundsperinch. . . . . . . . . . . 0.17868%, , . . Kilograms per centimeter

GPO 835-159
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ABSTRACT

A search of available literature on research in stratified flow revealed"
that the present state of research is dynamic, with many agencies and
institutions in several countries involved. The report reviews the
mechanics of stratified flow, including mathematical principles and
criteria for similarity. Alternative instrumentation systems are dis-
cussed. The research activities of the Bureau of Reclamation are de-
scribed and future research in hydraulics of stratified flow is proposed,
Research by the Hydraulics Branch will consist of general studies con-
cerning the influence of intake geometry on selective withdrawal from
reservoirs. The initial studies will be extended to determine the effects
of reservoir geometry. Gives 89 references.
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