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Introduction

Hydraulic problems, put forward by practice, are very complicated, var-
ied and numerous. This is because there are hydraulic phenomena in a
wide range of processes, being typical for all sectors of public activity.
Engineering hydraulics acts as the basis of not only water supply, naviga-
tion and hydroenergetics - but the sciences, for which water movement
is the main subject of study. And for heat and nuclear power energetics,
hydraulic problems, associated with energy transformation, are no less
important than problems of thermodynamics and nuclear physics.

The oldest branch of energetics - wind energetics - operates with the
laws of aerodynamics at air speeds much lesser than the sound velocity,
when these laws are similar to the laws of hydraulics. The scales of modern
energetics are so, that its interaction with the environment has not only
local, but also global character. When assessing the impact of energetics
on the environment by discovering restrictive measures for limitation of
both negative and positive consequences of this impact, it is necessary to
provide the forecast of different hydraulic phenomena. The complexity of
hydraulic energy problems is determined by the fact that these problems
have borderlines with many other sciences: dynamics of structures, ther-
modynamics, soil mechanics, meteorology, ecology, etc.



2  HyprauvrLiCc MODELING

Hydraulics is going through a special period of its long history asso-
ciated with the widespread introduction of numerical methods based on
the use of modern computers. The use of computers has greatly expanded
the range of hydraulic problems that can be solved by calculating with-
out conduction of laboratory research, which has created the opportunity
to solve complicated problems (especially lying on the borders with other
sciences), which until recently were beyond the technical capabilities of
hydraulics. However, increased implementation of numerical methods
(numerical modeling) has not led to a decrease of significance in laboratory
tests (physical modeling). This situation is connected with the incomplete-
ness of mathematical models of hydraulic phenomena in many practically
important cases. There are some technical reasons due to which the physi-
cal modeling has some advantages over the numerical modeling in solving
concrete problems. Optimal hydraulic research combines both numeri-
cal and physical modeling. Hydraulic (physical) modeling, the wide use
of which began many decades ago, continues to improve, as does its con-
nection with the development of numerical modeling. Computers in the
structure of physical experiments are used to improve techniques of labo-
ratory research and for the purposes of control over them. Complication
of hydraulic problems leads to the necessity of solving fundamental issues
of modeling, which are not sufficiently developed. These issues include the
problem of approximate hydraulic similarity. Ideas of similarity of natural
phenomena, which are based, in particular, on physical modeling, go back
to the days of Leonardo da Vinci. Galileo, Newton and Fourier. However,
the present doctrine of similarity has been formed in the second half of the
19" and early 20" centuries. Among scientists, whose works have formed
the basis of the similarity theory and the theory of dimensions (Bertrand,
Buckingham, Federman), the most significant place is occupied by Russian
specialists - T.A. Afanasieva-Erenfest and V.L. Kirpichev. Some general
questions of the similarity theory have been developed by the USSR sci-
entists - M.V. Kirpichev [63], L. I. Sedov [138] A. A. Guhman [45] and
others. First works on hydraulic and related thermodynamic modeling
have appeared in literature in the 30-ies of the 20th century. Along with
the famous work of E Eisner “Experimental hydraulic structures and open
channels”, translated into Russian with additions of S. A. Egorov and B.
A. Fidman, the original works of Soviet authors - S.V. Izbash [55], A.P.
Zegzhda [52], PK. Konakov [66], I. 1. Levi [76] have been published.

Interest in hydraulic modeling has resulted in the appearance of a great
number of works in this field [177, 179, 182, 204, 216, 218, 226, 227] during
the last 40 years. In 1971, the authors published a book [91], which outlines
the results related to general issues of hydraulic modeling. However, their
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practical application was associated mainly with new specialized types of
hydraulic models - pressure models of open channels. In 1984, the authors
published the more complete work, which is now available in English, with
some modifications and additions.

Along with general problems of the physical modeling theory set out in
ch.1, close attention is paid throughout the book to the approximate simi-
larity of modern hydrodynamics tendencies with physical modeling [28,
64,91, 193, 205]. The book shows that conditions of the approximate simi-
larity are significantly associated with the accepted mathematical descrip-
tion of modeled phenomenon, and that makes it necessary to address
mathematical models of fluid flows (Chapter 2), precessing presentation
of the approximate similarity theory (Chapter 3). Chapters 4 - 8 contain
proposals for hydraulic modeling at the decision of specific problems for
determination of the currents in natural and artificial channels parame-
ters, study of the dam spillways, estimation of deformations of channels
and processes in hydraulic tanks, hydraulic transport and slag-disposal
systems, assessment of efficiency of heat exchangers and water-coolers of
thermal and nuclear power plants, identification of consequences of the
discharge of warm waters into natural water reservoirs and streams, and
many other problems. Chapter 9, focused on the dynamic loads and struc-
tures reaction, has not been published in the edition of 1984.

Along with practical recommendations on modeling, the illustrations
of general methods and approximate similarity methods are given in the
book. Among the hydraulic modeling objects, those selected were from
authors with the most experience.

For the most part, the materials used in the 1984 version of the book
have accumulated from many years of work by two authors in the Scientific
research sector of the “Hydroproject” Institute, which is named after S.Y.
Zhuk. Formation of the book material is distributed among them as follows:

V.M. Lyatkher — Chapters 2, 4, 9, Sections 5.4, 6.1, 6.2; 8.2 and 8.3;

A.M. Proudovsky - Chapters 1, 3, 7, Sections 6.3, 6.4, 8.1, 8.4 and 8.5;

Chapter 5, except Section 5.4, was co-written by the authors.

The book was translated into English by V.M. Lyatkher due to the
untimely death of A.M. Proudovsky. Additional references on literature in
the given publication are executed as a separate list with the index A.






Fundamentals of Modeling

1.1 Modeling as the Method of Cognition

Modeling is one of the most important ways of cognition. When using this
method the object of cognition (the original, nature, prototype) is realized
through studying of its substitute, which is called the model. If the nature
of N is characterized by a number of X, e N, values, then when model-
ing such an object M is created, the characteristics X, € M of which are
determined according to the nature values:

X >X,

The term “model” in the theory of knowledge is rather ambiguous, mak-
ing classifying models complicated. For our purposes it is important to
divide models as substantive and symbolic. The first of them are material
objects, whose characteristics are somehow corresponding to the charac-
teristics of the nature. The second represent notation symbols (diagrams,
graphs, drawings, formulas, words, and so on). The most important type
of symbolic models are the mathematical (logical-mathematical) models,
realized by the means of mathematical language and logic.



6 HyprauLIC MODELING

Mathematical models of fluid flows include continuity equations, con-
servation of momentum equations, energy conservation and condition
equations in one or another form. For multiphase fluids the equations
are written for each phase with the inclusion of terms that characterize
the interaction of phases. The equations contain some schematization of
hydraulic phenomena. The quality of mathematical models depends on
how successful the schematization is: some models can be better than oth-
ers, but they all have some degree of uncertainty and inaccuracies, as they
are based on a hypothesis. Quality assessment of a mathematical model
(relevancy of underlying hypotheses) is the comparison of values, cor-
responding to the hypothesis used, with the measured characteristics of
the real phenomena to which they relate, Of course, there are new chal-
lenges associated with the estimation of accuracy of measurement results,
which usually cannot be executed without using the model of the phenom-
enon. Thus, the problem of estimation of the model is very complicated in
principle.

Formulation of the mathematical model does not exhaust the modeling
process. To predict the phenomenon it is necessary to establish a corre-
spondence between the values X", characterizing the problem specifica-
tion and values of X',, forming its solution. Such a correspondence is set
up by a certain operator O:

X' =0(X") (1.1)

The operation O is executed using different computational tools. The
way of realization of the operator is the main characteristic for classifica-
tion of modeling in engineering. On this basis it is possible to allocate the
first two large classes.

Modeling of the first class combines the cases in which the operator is
represented in the form of an assistant operators function:

0=0(0,,0, ..., 0,) (1.2)

The solution is resulted from consecutive impact of operators from the
set {O} on basic values and the intermediate results according to plan,
designed in accordance with the type of the @ function. In this case we
speak of a computational process. The order of operations, providing rep-
resentation of the source data in the solution of this problem is called the
algorithm of its solution. Modeling, using computational process can be
called numerical modeling.

The principal place among computing devices, used in modeling
and belonging to this class, is occupied by digital electronic computing
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machines (computers). It is easy to notice that the operations carried out
by a computer at “manual” solving of the physical problem, are a particular
case of numerical modeling.

The second class modeling uses methods and tools, implying the direct,
carried out in one time representation of quantities included in the prob-
lem specification, its solution. These means include analog devices, and
each of them represents a physical model of a particular class of math-
ematical problems. This model allows carrying out direct measurement of
the considered characteristics, corresponding to these or that basic values.
Modeling using analog means is called analog modeling.

The process of analog modeling of a phenomenon can be described by
the following scheme:

phenomenon (nature) ->mathematical model (system of
mathematical equations) ->
physical model (analog medium) -> - nature

The physical model included in this scheme is commonly called the
phenomenon model. It is clear that this phenomenon model corresponds
to the studied phenomenon so its mathematical model is accurate.

Thus, in case of analog modeling, the physical model and nature are
related through formally similar mathematical model. Here phenomena in
kind and on the model may have different physical nature in general case.
The fact that various phenomena have the same mathematical description
is not associated with the random formal analogy of the mathematical
apparatus. It is concerned with the unity of regularities of processes of dif-
ferent kinds of material motion.

The models representing the phenomenon of the same kind show char-
acteristics which you want to predict, and constitute the special type of
analog means. With the understanding that further such analog devices
shall be called physical models, unlike the analogs in those cases, the nature
and the model represent heterogeneous phenomena.

The main difference of the physical model and the analogous is that the
physical model’s natural characteristics correspond to the homogeneous
(one-nominal) characteristics (speed - the speed, pressure-pressure, etc.),
and the analog portion of them (or all) can comply with heterogeneous
characteristics. In this sense, the flow of fluid may be physical model (rou-
tine hydraulic and aerodynamic modeling) and analog (gas hydraulic,
gravity-elastic analogy).

A physical model of the hydraulic phenomenon is usually called a
hydraulic model and the modeling with the use of such models - hydraulic
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modeling. This definition is inaccurate, as any hydraulic modeling phe-
nomena refers to hydraulics and can be called hydraulic. Here, however,
the author decided not to break the tradition and, moreover, this term in
the title of the book.

1.2 Hydraulic and Numerical Modeling

Hydraulic and numerical modeling of hydraulic phenomena shall be
compared now. If hydraulic modeling is a traditional method of hydrau-
lic engineering, successfully used in the last century, numerical modeling
with the use of computers - is the latest achievement. The range of prob-
lems solved by means of numerical modeling is constantly expanding. It
opens new perspectives in solving complex hydraulic problems. Optimal
for the development of applied hydromechanics is to use the advantages of
hydraulic and numerical modeling in combination.

Between hydraulic and numerical modeling has a great community,
namely, that, first, they are based on a mathematical model of the phe-
nomenon, reflecting the most significant side of the studied object, and,
secondly, when modeling the object significantly schematized. Differences
in hydraulic and numerical modeling can be caused by the following cir-
cumstances. Hydraulic model is a highly specialized tool, while computers
can be a solution for the most diverse problems. The only condition is the
possibility of receiving the decision, in their algorithmic solvability of a
problem on the selected set of operators {O }. Modern computers have suc-
cessful from this point of view, the set of elementary operators.

The main advantage of hydraulic models is that with their help it is
possible to find the solution of problems even in cases where the math-
ematical model of the phenomenon are not complete and take advantage
of the numerical modeling impossible. As is known, up to now there is
not a closed system of equations describing the averaged velocity field and
pressure turbulent flow. However, if we assume that these equations have
the same form for nature and models, it is possible to determine the con-
ditions of conversion of measurement results on models in nature (see
Section 1.3).

Another advantage of hydraulic models is the relative simplicity of the
complex conditions of the solution uniqueness. Uniqueness conditions
(first of all the geometric shape of the boundaries) for natural flows are
especially complicated. To set the channel form on a computer, you need
to put into it a lot of figures characterizing at least from the bottom to
the length and width of the stream. In addition, you need to enter the
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operation of the “smoothing” of these data. On hydraulic model channel
form a relatively simple set when building the model.

The choice of method of modeling in each case is determined by many
circumstances, among which are the paramount principle limits the pos-
sibilities of its use. For hydraulic modeling the main of such restrictions
is the incompatibility of the defining criteria of similarity (see Section
3.1), and for the numerical modeling is not a closed system of equations
that constitute a mathematical model of the phenomenon. Along with the
principal constraints exist practical ones. In the case of hydraulic model-
ing these include limited laboratory resources (size of experimental facili-
ties, pumping capacity, availability of materials and so on), which does not
allow fulfillment of the similarity conditions. And in the case of numeri-
cal modeling constraints include characteristics of computing machinery
(storage capacity, processing speed) that are inadequate to the problem set.
These factors should be taken into account such requirements as specified
accuracy of the research, the simplicity of its implementation, the required
time and cost, visualization of results, the possibility of refining the meth-
odology, taking into consideration the field data, etc.

Account of these circumstances provides an opportunity to highlight
areas of pre-emptive use of modeling techniques, what made, for exam-
ple, in [181]. The share of numerical modeling, at present, it is advisable
to refer mainly to the solution of one-dimensional and two-dimensional
problems, with relatively simple boundary conditions and the great length
of the studied objects, and also problems of filtration in a porous material.
Primary areas of using hydraulic modeling are local spatial problems and
problems related to relatively poorly studied hydraulic phenomena.

But within the studied object, you can select different areas to explore
appropriate to apply different methods of modeling. In some cases, com-
plex real-world phenomenon can be split into simpler phenomena, model-
ing, which is advisable to be implemented separately in the appropriate way.
Therefore, when solving part of the problems, it is rational to implement both
numerical and hydraulic modeling simultaneously, and that is used in the
idea of “hybrid” models.

In fact, hybrid modeling includes all the cases of implementation of differ-
ent methods of modeling in one study. However, it can be realized in another
way. Segmentation of large areas of currents on extensive areas, suitable for
one-dimensional or two-dimensional schematization and relatively small
areas of complex spatial flows (areas of facilities location, water discharge
and intakes and so on) has become routine in practice of recent years. The
first of them are studied using numerical modeling, the second of them - on
hydraulic model. The models relation is realized through conditions on the
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boundaries of an area. This research was conducted in the time scale of a
hydraulic model, and computers also provide the hydraulic model control
(setting of conditions on its boundaries), collection and processing of experi-
mental data.

Great achievements of recent years in the field of numerical modeling,
success in increasing the capabilities of computer technology and the reduc-
tion of its cost, it would seem, should have led to the displacement of the
subject modeling of the process of research. However, the current practice
of hydraulic research indicates that in our days the physical modeling has
not lost its significance. The international community of technicians in the
hydraulics sphere clearly formed opinion about the need for complex prob-
lems using both these methods of modeling within one study [19a and 90a].

The earliest proposal on the concurrent implementation of physical and
numerical modeling in hydraulics was the proposal to divide the consid-
ered object (flow) on areas, in studying of which different modeling tech-
niques are used [99a]. Here the broader area is investigated using numerical
modeling, and an area, directly containing the relatively complex phenom-
enon, forecasting of which can be difficult in case of numerical model-
ing, is reproduced on the physical model. Conditions of uniqueness for the
physical model are determined by numerical modeling. Such organization
of studies was named the “hybrid modeling”

In our practice successful use of numerical modeling for determination
of boundary conditions of the physical model with an abrupt limitation
of possibility of appointment of the dimensions of this model refers to the
study of the water intake conditions to the HPP water inlets from a deep
reservoir. The results of this study are shown in Figure 1.1. Characterization
of the flow on the major part of the considered area of the reservoir was
executed by the means of numerical modeling. However used, the numeri-
cal model is no assessment of funnel development ahead of the HPP
underground water intakes. This problem is solved on the physical model.

Figure 1.2 represents an example the research scheme of distribution of
thermal pollution from the NPP, located on the coastal area in the presence
of tidal and wind currents [195], in which the described above technique
is used.

The separate implementation of hydraulic and numerical modeling,
where the whole process of research should be related to hybrid model-
ing, is also possible. Such a case occurs when using a numerical model
are determined boundary conditions that are then played on a hydraulic
model of steady flow. Non-simultaneous use of numerical and hydraulic
modeling occurs when due numerical modeling adjustments are made to
the results of hydraulic modeling, which is not reproduced certain effects
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Figure 1.1 Conditions of water abstraction from the deep reservoir in the HPP
water-inlets.
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Figure 1.2 Scheme of thermal pollution from nuclear power plants in the coastal area
“hybrid” modeling.

(for example, Coriolis forces). In the practice of hydraulic research and
there are other cases of distribution between the hydraulic and numeri-
cal modeling parts of the phenomenon. For example, in [184] the study
reported the load on the vessel in the lock chamber, in which components
of the load are defined in different ways, and then made their superposition.

‘The comparison of the results of the use of such traditional reception of data
research proves the appropriateness of the proposed method (Figure 1.3). In
Figure 1.3 F'=F/(pgble ), where F, -~ component of load, b_and [_- average
width and length of the vessel, e, - vessel draught in still water.



