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RECENT DEVELOPMENT IN HYDRAULIC STUDIES*#*

by Dr. Ven Te Chow**

~ Chairman, Ladies and Gentlemen : First of all I wish to thank you for your kindness of inviting
me to visit this famous city and of asking me to deliver a speech at this important occasion. I
should like to say that this is indeed a great privilege which I treasure considerably.

The director of your office, Professor Ishihara, has asked me to talk on the subject of the recent
development in hydraulics and hydraulic engineering. As you know, the science of hydraulics has
been progressing by leaps and bounds in recent years—particularly in the last decade. The extent
of the progress is so vast that it is practically impossible to discuss even a general scope of this
subject within a limited amount of time. Therefore, I shall restrict my discussion merely on the
trend and on the few topics which are seemingly outstanding in the progress of hydraulic studies
in recent years. ) }

Like most branches of science, hydraulics may be treated in two categories: the theoretical
hydraulics and the applied hydraulics. Theoretical hydraulics is in reality within the domain of
theoretical fluid mechanics which is more or less an extended knowledge from physics. Applied
hydraulics, however, deals with the application of theoretical hydraulics together with practical
assumptions to the solution of engineering problems. Another science familiar to hydraulic engi-
neers is the hydrology which is primarily a natural science dealing with the occurrence and behavior
of water on earth. The application of this knowledge in engineering problems is becoming so im-
portant that it generally constitutes the initial steps in the design of a hydraulic engineering
project. In the present discussion, I shall confine my discussion to applied hydraulics and include
the applied hydrologic studies as a part of the applied hydraulic studies.

The important features in the trend of hydraulic studies to be discussed are: (1) progress in
instrumentation, (2) emphasis of theory, (3) use of model studies, and (4) determination of design:
criteria.

Progress in Instrumentation New instruments developed for hydraulic studies are multifarious.
Owing to new demands, many instruments of the old types have also been improved and refined.
Let me just mention a few: A new design of the component runner for modern current meters manu-
factured by A. Ott in Kempton, Bavaria offers a great improvement in accuracy even in very
turbulent and divergent channels. A new approach of measuring flow velocities by means of an
electric field induced into the flow by a magnetic field offers least amount of interference with flow.
With the availability of radioactive isotopes in the program of ‘‘atoms for peace,”” many otherwise
impossible hydraulic measurements are being made possible. The isotopes are excellent tracers for
the measurement of groundwater movement, flow in pipes, and turbulence in rivers. They also act
as radiation elements, for example, in a new electronic snow gauging system developed By the U. S.
Corps of Engineers.

In the realm of meteorological hydrology, or hydrometeorology, the weather radar is being utiliz-
ed as a means to delineate precipitation pattern and to supply additional rainfall infermation for
hydrologic designs. In groundwater hydrology, the effect of so-called ‘“‘provoked polarization’’ created
by introducing direct current into the ground has been found useful in prospecting groundwater
resources. )

By far the most important instrumental aid to hydraulic studies is the electronic computer.

There are two main categories of electronic computers, namely, the electronic analog and the

% An Address to the Kwansai Regional Hydraulics Meeting of the Japan Society of Civil Enginnrs.
in Osaka, Japan, on August 30, 1958.
%% Professor of Hydraulic Engineering, University of Illinois, U.S.A.

—_— 443343 — — 25 —



digital computer.

The principle of the electronic analog is to utilize the analogy between the flow of current in
an electric circuit and the flow of water in a system. In other words, an electric circuit can be
constructed with its circuit equation analogous to the hydraulic equation which represents the
principle of the flow. Many hydraulic problems have been successfully solved by the analog, such
as the routing of flood through reservoirs and river channels, the determination of flow pattern to
a well or drain pipe and across a dike or dam, surge and water hammer problems, flow distribution
in pipes and estuarine channels, etc. In Japan, for example, analogs for reservoir routing and
stream flood routing have been recently developed by Professors Ishihara and Hayami of the Kyoto
University.

A simple type of analog computeris the network ana lyser, which is capable of solving only linear
equations and is thus applicable to the determination of flow distribution in pipes. For non-linear
hydraulic problems, more complicated analog computers are necessary. Consequently, the design
of an analog computer usually requires an advanced knowledge in electronic circuit engineering and
the operation demands a special training on the part of the operator. Furthermore, the loss in the
electric circuit of an analog is usually high and therefore may result in a relatively appreciable
amount of errors in the computation if accuracy is required. '

The digital computer is a device for the making of computations in digital form. As far as
computation is concerned, it can do nothing more than ordinary desk computer. However, the digital
computer is unique in the following characteristic abilities : to perform involved computations at a
fantastic rate of speed, to be programed to follow a very long and involved series of computations,
to store a multitude of intermediate results of separate computations for use in a later step, and to
alter the course of computation according to the intermediate results obtained. In general, the
digital compufer has its specific qualities of high speed and automation. These qualities have
brought forth a revolutionary impact which will be bound to produce far-reaching consequences in
engineering studies.

The use of digital computers in hydraulic studies is just beginning. Already a sizable number
of problems have been successfully solved. Many problems which defied a practical solution
because of the unsurmountable amount of labor required in the ordinary way of computation or
because of the complexity of the mathematical equations involved, have now been tackled by the
digital computer. For example, a Ferranti computer did the work of about 50 men on the calcu-
lations of backwater curves in the hydraulic design of the St. Lawrence Seaway project. In the same
project, an IBM-602 A was used to compute surges in tunnels and to calculate the speed of closing
gates at Niagara to keep minimum surges. It took a month to set up the program for the computer
to use in making the computations. Then, it took the computer only one day to carry out the
computations.

Owing to the formidable mathematical difficulties the complete analysis of an wunsteady flow of
flood waves was considered for a long time as merely wishful thinking. Professor H. A. Thomas of the
Carnegie Institute of Technology once said ““In a large river with many tributaries, the movement
of a flood wave is a phenomenon of such utter complexity as to defy complete and exact analysis
by human beings.”” Now, with the use of digital computers, this impossibility is more or less be-
coming a reality. With the aid of the Univac computer, the U.S. Corps of Engineers has carried
out computations of floods in Ohio and Mississippi Rivers and through the long Kentucky Reservoir.
In the computation it took roughly a minute to compute the flow for an hour in the 375-mile stretch
of the upper Ohio River, and about one-half minute for a flow of one hour either through the junc-
tion of the Ohio and Mississippi Rivers or through the 184-mile long Kentucky Reservoir. Thus,
for a flow calculation of 13.5 days in the Ohio River about 6.75 hours of computer time were

needed. However, the computers are being constantly improved and the operating speed is being
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greatly increased. If the much faster operating IBM-704, for example, were used, the time of
computation would be cut down in the ratio of about 1 to 15.

The digital computer has been also found useful in the design and planning of water resources
projects. In the last three years, the British consulting engineers have used the digital computer
successfully with a great saving in cost for the planning of the Nile Valley water resources develop-
ment. In this planning, it was required to know the adequate control of the Nile and its tributaries
in order to provide the largest possible amount of irrigation water for the Sudan and Egypt. The
method of solution was by trial and error, involving a tremendous amount of numerical data. The
solution was made possible with the use of the IBM computers. Not only this solution was found
to be rapid, flexible, and accurate, but the engineer responsible could see all the time exactly what .
could be happening in his planning.

Similarly, the digital computer IBM-650 was recently used by the U.S. Corps of Engineers,
which has made possible a direct and objective procedure of flood-forecasting for periods up to 10
days in advance in the Columbia River Basin.

Other applications of the digital computer in hydraulic studies are many, such as the pipeline
design computation, unitgraph computations, surge computations, etc.

There are various makers and kinds of digital computer. Whether or not a computer of high
caliber should be applied to any specific problems should depend both upon the speed and accuracy
required for the results as well as with the frequency the problem is performed. For small quanti-
ties of work involved in flood studies, for example, the U.S. Corps of Engineers has found that a
part of the computation can be performed in a way much cheaper and more efficient by a portable
computer, such as Burroughs E-101. For more involved situations, the use of larger computers are
justifiable.

In general, the purpose of the digital computer is to perform complex mathematical equations
and complicated analytical operations at tremendous speeds without the element of human error
entering into the computations. There is no doubt that the use of digital computers in hydraulic
studies is just gathering momentum and henceforth will be expanded extensively and indefinitely in
the field of hydraulics and hydraulic engineering.

Emphasis of Theory Owing to the lack of knowledge on the hydraulic theories, early hydraulic
design and analysis were largely empirical. In order to achieve economy and efficiency in modern
hydraulic engineering works, hydraulicians have been constantly searchihg for the basic understand-
ing of the hydraulic phenomena—that is searching for the theories to interpret the phenomena.
Along with the progress in theoretical fluid mechanics, the hydraulics is benefited and leaning
more and more on the theoretical basis to achieve sound rational procedures for analyses and
designs. For example, the theory of boundary layer has been greatly advanced due to the
rapid progress in the aefonautical and space engineering and this theory is therefore applied to
the study of roughness and flow behavior in channels and pipes and around submerged bodies,
such as bridge piers and abutments. Similarly, the theory of cavitation was investigated and
applied to the study of hydraulic pumps, turbines, and siphons. Also, the theory of waves is being
introduced extensively in the studies of tidal hydraulics and coastal engineering.

In grouhdwater hydraulics, the use of Theis’ theory of nonequilibrium equation has been develop-
ed and applied to the unsteady flow condition in artesian wells. In the case of free-aquifer wells,
however, the Theis’ theory is not applicable, except as a very rough approximation, particularly in
problems involving shallow aquifers and large drawdowns. Fortunately, a general nonequilibrium
theory for free-aquifer conditions has been developed by Boulton and can be applied to practical
problems. v

The theory of unsteady flow in open channels has progressed tremendously in recent years,

particularly with respect to its application to practical problems. In fact, the basic mathematical
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equations for the theory were set up by French mathematician Massau as long ago as 1889. It was
until recently that these equations were giving practical solutions through the use of the method
of characteristics developed by Henry, Bergeron, Khristianovich, Preiswerk, Levin, Craya, Holsters,
Stoker, Dmitriev, and Lin, and the method of instantaneous regime developed by Oltjen, Reinecke,
and Bernadskii. The method of characteristics is a method of finite approximations applied gra-
phically to the soluton of the simultaneous equations set up by Massau. The method of instantane-
ous regime is a method of approximate integration of the Saint Venants differential equations. Both
are numerical methods that can now be solved more readily by the use of the digital computer as
mentioned previously.

In the gradually varied flow in open channels, the theory using varied flow function ’originally
developed by Bakhmeteff has been greatly improved. For high accuracy, a numerical integration was
used in the analysis of flow in circular conduits by the engineers of the Chicago Bureau of Public
Works. Again, this method of numerical integration can be readily adaptable to conduits of any
shape by means of the digital computer.

Another development for the analysis of flow profiles in channels is the method of singular
point. The mathematics of this method was originally developed by Poincare and then applied to
the problem by Masse. Renewed interest in this method for new and extended application is being
developed by Hamma, Escoffier, and Lazard.

In applied surface water hydrology, the theory of unitgraph has been greatly advanced since
Sherman first proposed it in 1932. In the new theory the concept of a linear operation is introduc-
ed, as the same concept is being used in other branches of engineering, such as servomechanisms
and the analysis of electrical networks. The assumption of linearity implies that the resultant
runoff hydrograph due to several rainfall durations is simply equal to the sum of those hydrogaphs
due to each duration. Consequently, any hydrograph may be considered as the sum of all hydro-
graphs due to an instantaneous duration multiplied by the effective rainfall intensity for the given
duration. The hydrograph due to an instantaneous duration of unit volume of effective rainfall is
known as the instantaneous unitgraph. In operational mathematics the response of a system to a
very short period of unit volume is known as the indicial response of the system to unit impulse.
By analogy, thus, the instantaneous unitgraph corresponds exactly to the indicial response; and
according to the operational mathematics, the resultant hydrograph defined above can be expessed
by a so-called DuHamel’s integral.

In the probability analysis of hydraulic and hydrologic data, the Fisher-Tippet theory of extreme-
value distribution was first introduced to the study of flood frequencies by Gumbel and further
extended to other problems. In parallel to this theery, the theory of logarithmic normal distribution
and the theory of partial duration series were also developed and applied to hydrologic frequency
problems. In the meantime, many hydraulic and hydrologic engineers have also attempted to use
the non-parametric distribution in their probability problems. For the theoretical soundness of the
definition of recurrence interval, a new definition has been proposed by Thom of the U.S. Weather
Bureau. The new definition calls for a distribution of the actual recurrence interval instead of
the distribution of the magnitude of the statistical variable, whereas the recurrence interval in
ordinary sense is in reality an average all the recurrence intervals.

The probability theory is also being introduced to the solution of reservoir storage problems.
This is a method first recognized by Moran in Australia and then proposed by Langbein of the U. S.
Geological Survey. The method is based on analogies of the amount of holdover storage for regulat-
ing streamflow with queues and thus utilizes the queuing theory developed in the new science of
“‘operations research.”” A queue is a waiting line. The impounded water behind a dam is apparently
a queue waiting for going through the control gates or openings.

According to the queuing theory several important characteristics are to be recognized, which
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can be used to describe water storage. The arrival rate is a characteristic to describe a frequency
or time distribution of the arrivals, the demand for service, or in the case of reservoirs, the inflow.
The characteristic of so-called ‘‘queue discipline’’ refers to the rule establishing priority of offering
service to those in the queue. A simple rule is that first. come, first served. However, special rules
may be set up or observed according to the necessity, such as that emergency cases get quicker
attention of the doctor than an ordinary case of illness. In case of a reservoir, any cubic foot of
water is usually as good as another, but selected drafts may be required from different levels be-
cause of a specific requirement in temperature, turbidity, or salinity. Another characteristic is the
“service function’’ which defines the rate of service of items in the queue. This is a control like
a traffic light or cop on the flow of traffic in time sequence. The service function in a reservoir is
the control gate which regulates the outflow according to the demand and storage. The characteristic
of ‘““attrition rate’’ is the rate of deserting the queue. In general, persons may depart or refuse
to join a queue if the line is too long. The attrition rate depends on the nature of service. A
line waiting for service at a ticket office in front of a theatre, for example, may be very long if the
show is supposed to be of an excellent quality. If the show is bad, thé queue may not be formed
at all. Similarly, in the case of a reservoir, the impounded water particles may leave the reservoir,
say througﬁ the process of evaporation, if the waiting time is too long.

By the queuing theory, reservoirs are classified according to the characteristics described above.
The theory enables the use of a mathematical procedure of the so-called ‘‘probability routing’’ in
the design of storage reservoirs. The probability routing eliminates the assumption of an initial
storage as required in a conventional procedure, such as the mass curve method. It is non-para-
metric or independent of the initial frequency distribution of the flow. Furthermore, the probability
routing automatically assures that all possible combinations of inflows and discharges are reflected
in the results and avoids the selection of a combination from an infinite array. The method fur-
thermore gives a design criterion on the basis of uniform risks so that a critical period for storage
design is not necessary.

In the field of river hydraulics, various théories have been proposed, particularly in connection
with sediment and sedimentation and mostly in the empirical nature. Notable theories such as
Lacey’s regime theory, Einsten’s bed-load function, and Leopold-Maddock’s hydraulic geometry, are
being tested, verified, and modified for practical applications.

Use of Model Studies The use of models for hydraulic studies is necessary for problems which
are extremely complicated and unamenable to theoretical analyses. Most of the problems are of
three-dimensional nature and rapidly varied with respect to time and space. Frequently they in-
volve uncertain amounts of turbulence and irregular configuration of boundary. Examples of these
problems are sediment and sedimentation; air entrainment; and various drainage and control struc-
tures and coastal structures.

In the United States, with the rapid development of highway, agricultural, hydropower, and
flood control programs, many drainage and control structures of various kinds have been investigated
by model testing for the purpose of achieving high standards of design for efficiency and economy.
Notable recent studies are different designs of spillway and sluices, flow through multi-opening con-
strictions in open channels, flow through culverts, and scour at bridge crossings.

During my visits in recent years to many hydraulic laboratories in countries in Europe and Asia,
I found that a great number of harbor models have been built for hydraulic studies. Such studies
are no doubt greatly stimulated by the recent progress in the field of coastal engineering—particular-
ly on the subjects of density currents, beach erosion, and tidal hydraulics. In 1951, the first con-
ference of coastal engineering sponsored by the Council on Wave Research of the Engineering
Foundation took place at the University of California. Since then proceedings of six such confer-

ences have been published, reporting various hydraulic studies of the subject. Since the Beach
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Erosion Board was created in 1930 by the U. S. Department of Army, studies in coastal engineering
have become very active, particularly in recent years. Results of such studies are currently reported
in various technical memoranda issued by the Board.

In general, hydraulic studies by model are numerous and diversified. Current activities, however,
are generally given in the annual issues of ‘‘Hydraulic Researches in the United States’ published
by the U.S. National Bureau of Standards and in the annual issues of ‘Recherches Hydrauliques”
published by the International Association for Hydraulic Research.

Determination of Design Criteria The question of design criteria in hydraulic works is not
as well settled as in the case of other kinds of structural works because the amount of water to be
handled by a hydraulic structure is in many cases uncertain and speculative. In the early days,
the design criteria for hydraulic works were purely empirical, depending on personal judgement and
experience, and on some untreated historical record.

As the science of hydrometeorology and hydrology progresses, statistical analysis of hydrologic
data and hydrometeorological determination of storm models have been developed. These methods
are applicable to large watersheds where data are available for the analyses. The results of such
analyses serve an index for design purposes which is evidently far more rational than empirical
rule of thumb. The adoption of a certain index for the design, however, is still to be decided by
the senior engineer or the policy maker. In the case of small watersheds, adequate data for the
analyses are generally lacking. By the knowledge at the present time it is practically impossible
to correlate the rainfall frequency with the runoff frequency so that the latter can be derived from
a given set of rainfall data. Several methods have been attempted, but none has yet been found
satisfactory.

Owing to the need of a more clear understanding of the hydraulic design criteria, the American
Society of Civil Engineers is recently recommending an investigation and report on current practices
and recommended standards of practice for the following items : hydrologic considerations, policies,
and methodology for determination of design flood flows; policies, criteria, and methodology for
determination of spillway capacities in relation to design flood flows; and adequacy of statistical
analyses of hydrologic data pertinent to flood flows.

It is apparent that the determination of design criteria is not only one of the old and wurgent
problems, but also one of the most difficult problems in hydraulic studies. Much effort has been
done, but little result has yet been achieved.

Because of the limitation in time, I cannot extend my discussions further. The discussions
that have been presented represent only the fragments of my thoughts which I have gathered most
of the time in the airplane travelling half way around the world.

In conclusion, I wish to add that I consider this occasion not merely as a privilege to deliver
a speech but also as a pleasure to get acquainted with the members of this group. I feel particular-
ly happy with this group because I believe that all of us are deeply concerned with a common
cause— that is to utilize the gift of Nature for the benefit of mankind and for the promotion of
humanity and human welfare. This gift is our ability to control and use the water. To develop

this ability depends largely on our interest and effort in hydraulic studies.
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