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Abstract

The present work discusses at length the current status of turbulent research in Brazil. After eight introductory
sections on the subject, where some general aspects of the problem are presented, and a brief review of some
scientific and engineering approaches is given, the paper strolls over four specific sections, analyzing all work
carried our in Brazil in the past twenty five years on turbulence. In fact, the preseni compilation is restricted to the
main events sponscred by the Brazilian Society of Mechanical Sciences. The present review quotes 284 references,
presents 6 tables and 16 figures. The paper contents is; Paper Outline, Some Insights, The Traditional Approaches,
Some Basic Warking Rules, Turbulence Models, One-Point Turbulence Closure Models, Some Other Aproaches ro
Turbulence Modelling, Some Major Achievements, A Bit of Histary. Statistics, A Personal View, Gallery, Final
Remarks, Cited Bibliography and Compiled Bibliography.
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Paper Outline

The present review was committioned by the Brazilian Society of Mechanical Sciences, ABCM, in
order to give a clear picture of the present status of wrbulence modelling in Brazil. As a guiding line,
the paper was supposed to concentrate on work that appeared in the last five years in the two major
Conferences sponsored by the Association: the Brazilian Congress of Mechanical Engineering -
COBEM, and the Brazilian National Meeting on Thermal Sciences, ENCIT. The review, if possible,
should not be a mere collection of annotated bibliographies, but offer a critical evaluation of the
published Interature.

All these aspects were in the minds of the present writers when preparing this manuscript. The
broad nature of the subject, however, together with its importance and general interest for the public,
made the writing a difficult task. Big issues, such as the inclusion of indexed publications, and of
publications appearing in vehicles other than those commonly looked up by the mechanical engineering
community, had to be tackled in a very positive and quick way. In the end, it was decided to adhere
quite stringently to the main guide lines. The only exception had to do with the period of time covered
by this review. In order to give a good historic perspective of the subject. it was decided not to impose
any bound on the number, and date, of works considered for review here, In adopting this procedure we
particularly regret the exclusion of works published by the physical and mathematical societies.

Some Insights

Since we are going to discuss at quite some length the phenomenon of turbulence, perhaps it would
be appropriate at this stage to define turbulence. [t can be said, in a general manner, that a turbulent
flow is a flow which is disordered in time and space. Of course, this definition is vague, lacking a
precise mathematical formulation. This, however, is the kind of definition we commonly find in
treatises that deal with the subject of turbulence. The flows that are present in nature and technology
and which are termed turbulent are very complex, exhibiting fairly different dynamics from one
occurrence to another. In applications, the flows may be three-dimensional, or quasi-two-dimensional,
or may even have some sort of large scale organized structures. All these features. coupled with the
random behaviour of the measured properties of the flow. seem to deem the flow mathematically
undefinable. The important property which is required of them is that they should be capable of mixing
all transportable quantities much faster than if only molecular processes where involved. To cut short an
endless discussion, and after Lesieur (1990), we propose here the following simplified definition of
rbulence:

Invited Article. Technical Editor: Leonardo Goldstein Jr.
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e A wrbulent flow must be unpredictable, in the sense that a small uncertainty as to its knowledge
at a given initial time will amplify so as to render impossible a precise deterministic prediction
of its evolution;

» [t has to satisfy the increased mixing property defined above;

» It must involve a wide range of spatial wave lengths.

Despite, the already mentioned vagueness of the above definition, for fluid dynamicists the word
turbulence has a precise meaning. Mathematically. in studying turbulent flows we are trying to solve a
problem which is based on the assumption that the instantaneous flow variables satisfy the Navier-
Stokes equations. These are a deterministic set of equations which apparently yield solutions with a
random nature. Thus, the philosophical issues raised on how statistical theories could be used to
describe a phenomenon which is deterministic could never be squarely faced until recently. New ideas
and mathematical tools advanced by Ruelle and Takens (1971} and by Feigenbaum (1979) have shown
that there are non-linear dynamical systems whose solutions, because of sensitive dependence on initial
conditions, exhibit a weak causality and hence apparently random nature. Even the discrete algebraic
equation Z,,, = A Z, (1 - Z,) demonstrates random solutions whose long time solutions have a critical
dependence on vanishingly small changes in the value of parameter A. Because of the dependence of
the long term solution on the vanishingly small changes in A, the solutions are non-deterministic. The
conclusion is that fluid turbulence is a deterministic problem that evolves with time and space in a very
complex fashion due to non-linear interactions.

Although turbulence is a random phenomenon, it is accepted that the flow is completely governed
by the Navier-Stokes equations. Considering that a host of numerical schemes exist to deal with
systems of non-linear partial differential equations, one should have. in principle, no problem in
computing turbulent flows. Actually, this is not the case. The richness of scales that characterizes a
turbulent flow imply that, if the flow is to be correctly numerically simulated, all lengths from the large-
scale energy containing eddies, lo the dissipative scales under which the motion is damped through
viscosity, must be resolved.

The dissipation of mechanical energy into heat, however. may be shown through dimensional
arguments to occur at very small scales. The dissipative scales are, in fact, given by 1 = ord (vVe)*,
where € is the overall viscous dissipation per unit mass, and v is the kinematic viscosity. The energy
dissipation rate is given by £ = ord (u'/l) where v und | are respectively the characteristic velocity and
length scales of the largest eddies of a turbulent flow, being, therefore, determined by the geometry of
the flow domain. The minimum number of»PninL« required in a three dimensional simulation of the flow
should then be Ny, = ord (I'm’ )= ord (R,"), where R, represents the Reynolds number associated with
the large scale eddies. Here, Ny, represents the number of grid points that the computation or
measurement would have to have in order to describe the entire range of scales. In nature and in
technological applications. the Reynolds number assumes typically values between 10° and 10%, which
will result in approximately 10" to 10" required grid points.

The minimum temporal resolution is found by dividing the smallest spatial scale by the convective
velocity of the largest eddies. Likewise, the ratio between the largest scales and the convective velocity
gives 1hcm|arge scale temporal resolution. The result is that the number of required time steps is
Nume = R™.

The number of points required to resolve the spectral properties in turbulence is then
Nuw = (R*)R™) = R, This expression shows that an order of magnitude increase in the Reynolds
number of the flow will result in a three order of magnitude increase in the number of required
computational grid points.

These numbers preclude any direct simulation of flows of practical interest. In fact, even if
powerful enough computers were available, the performance of direct simulation of flows at high
Reynolds number would be an unfeasible exercise. We realize that firstly by recognizing that the
specification of proper initial and boundary conditions on the level of detail required by the smallest
dissipative scales is simply not possible. This, unfortunately, in dealing with the Navier-Stokes
equations, is a very serious drawback. The non-linear character of the advection terms may give rise to
spatial and temporal instabilities in the flow that will excite and amplify the small scales 1n the motion.
The lack of uniqueness of the solution, together with the amplification of the small perturbations on the
boundaries of the flow, result in a motion which is apparently random in nature.

The Traditional Approaches

The decomposition of flow field variables into mean and fluctuating components has led to what is
now known as the Reynolds-averaged equations. In many engineering and geophysical problems, the
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fine details of the flow are really not required. so that often it suffices to have data conveyed by long-
time averages. Although the averages were first defined in terms of time averages, further developments
have introduced the concepts of space averages and of ensemble averages. The averaged Reynolds
equations can simply be derived from the Navier-Stokes equation to which they are very similar, but
with additional terms involving the turbulent fluctuations. These additional terms result from the
advection terms and may be seen. from a statistical point of view, as second order correlations or
moments, Since the practical interest lies usually in the mean properties of the turbulent flow field, the
statistical theories try to establish functional relationships between the mean variables of the flow and
the fluctuations. This is normally referred to as the "closure” problem in turbulence, The attempt at
establishing these functional relationships has been one of the dominant themes of research in
turbulence.

Exact equations for the terms involving fluctuations can the derived directly from the Navier-Stokes
_equations. However, the determination of transport equations for high order correlations always results
in the appearance of higher order correlations or moments. We are then faced with the problem of
always having more unknowns than equations available for their solution. One way out would be to
neglect correlutions of some order. Unfortunately, this proves to be unsatisfactory. The reason for this is
that despite its apparent random narure, turbulent flows exhibit some degree of "order”, which must be
captured by the mathematical model. In order to render the system of transport equations closed, we
need, therefore, some "closure hypotheses” independent of the physical conservation laws,

Perhaps, we should then now to consider the conditions, or some general principles, to which the
closure models should obey.

Some Basic Working Rules

The sheer complexity of the turbulence phenomenon hus prevented researchers from achieving a
rational closure of the Reynolds-averaged equations, This has motivated the invention of a number of
mathematical models based on different principles and rules, and the evolution of certain heuristics
which are supposed to help us to conjecture the broad features of turbulent flows without having to
appeal to any of those models of doubtful validity. Of course, as these heuristics are deduced from
common knowledge and experience, they will always be open to criticism. However, they must be seen
as useful rules that have been subjected to a large scrutiny, and that, for this reason, constitute a
serviceable body of knowledge for the engineer.

Some years ago, Narasimha (1989) suggested that the accumulated experience with the various
types of heuristic rules could be summarized in the form of the five working rules listed in Table 1.

Table 1 The five basic working rules

1. As the Reynolds number of any turbulent flow tends to infinity, the fraction of
energy contained in the length and time scales directly affected by the viscosity of
the fluid becomes vanishingly small; so do the scales themselves, compared o
those accounting for the energy.

2. Any turbulent flow subjected to constant boundary conditions evolves
asymptotically 1o a state independent of all details of its generation save those
demanded by overall mass, momentum and energy conservation.

3. If the equations and boundary conditions govemning a turbulent flow admit a self
preserving (or equilibrium) solution, the flow asymptotically tends towards that
solution.

4. A turbulent flow may, before reaching equilibrium, attain a mature state in which
the different energetic parameters charactenizing the flow obey internal
relationships, irrespective of the detailed initial conditions as in Rule 2.

5. Between the viscous and the energetic scales in any turbulent flow exists an
overlap domain over which the solutions characterizing the flow in the two
corresponding limits must match as the Reynolds number tends to infinity.

These rules have been used by engineers for over a long period without any special
acknowledgment of them. Rule 4, in particular, is the basis of all handbook charts and correlations, such
as, e.g.. the Moody diagram for pipe losses. They are, thus, according to Narasimha (1989), "what
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comes naturally to workers in turbulence whenever they encounter a totally unfamiliar flow". The rules
establish some positions upon which any turbulence model should conform.

At this point we just remind the reader that the working rules have not been deduced from the basic
laws of fluid motion and that for this reason they will always remain open to doubt. As a final
assessment, we quote Narasimha's very own words when the rules were first presented: "They (the
rules) are obviously very useful, being close to reality; but they cannot still be elevated to the status of
scientific laws, because the small departures noted from them cannot be dismissed as experimental
error. and seem lo indicate that the principles are strictly valid only under certain as-yet unstated
conditions which would not always be easily obtained.”

The most frequently challenged working rules concern the postulated independence from initial
conditions, Rules 2 and 4.

Turbulence Models

Turbulence modelling of a certain type has become a widespread subject in academia and industry.
The pressing demand for more efficient models, capable of dealing with evermore complex flows, has
resulted in the proliferation of different schools of thought, many of them remotely resembling each
other. The implication is a continuous growth in the number, complexity and sophistication of models.
The presumption that any monograph on the subject should be able to cover all aspects of turbulence
modelling is, therefore, not shared by the present authors. Here, we will try to show the failures and the
successes of some of the most popular approaches.

The turbulence models can be ensembled, in general, in four classes (Narasimha (1989)),

The Impressionistic Models, that strive to gain insight into the structure and the solution of the

problem without any claim to quantitative accuracy in prediction: Examples are the Burgers

equation for turbulence, and the Lorenz equation for weather forecast.

The Physical Models, that aim at predicting quantities of interest based on assumptions not

inconsistent with the observed or understood physics of the problem, appealing to experimental data

for model parameters when necessary. The models of Emmons for boundary-layer transition, of

Kutta-Joukowski for the lift of an acrofoil, and of Kolmogorov for the spectrum of turbulence, all

fall within this category.

The Rational Models, that investigate the nature of problem and solutions through simpler models

derived from more complete systems by some limiting process. The Burgers model for weak

shocks, the Newtonian model for hypersonic flows and the rapid distortion of turbulence are all
rational models.

The Ad Hoc Models, that provide estimates of quantities of interest without insistence that all

assumptions be physically or mathematically justified in detail. The Boussinesq eddy viscosity

model, the mixing length model, the x - £ differential model. these are all Ad Hoc models.

The models that serve industry are all Ad Hoc Models. In particular, gradient transport models have
become very popular over the years. The appeal of an attractive blend of simplicity and acceptable
predictive ability has stimulated a continued development of these models. In the next section, we
discuss these models in detail.

One-Point Turbulence Closure Models

One-point closure models were developed in order to model inhomogeneous flows in practical
applications. Starting from the Reynolds-averaged equations, they aim at establishing functional
relationships between the turbulent fluctuations, through their second-order moments at the same point
in space, und the mean flow variables. This can be made in several ways. The simplest of the
possibilities is to introduce an algebraic relationship.

Using the notion that the collective interaction of eddies can be represented by an increase in the
coefficient of viscosity, Boussinesq postulated the second-order moments to be proportional to the local
mean rate of strain through an "eddy viscosity", v.. This notion is a direct translation of Newton's
viscosity law to turbulent flows. Since turbulence is a property of the flow, the eddy viscosity should be
a function of the mean flow parameters. For three-dimensional flows, it should even be a vectorial
quantity.

Despite the boldness of this assumption, clear even to the earliest workers in turbulence, the eddy
viscosity hypothesis has received critical attention over the last 120 years. Turbulence models have
become more and more sophisticated but the usefulness of the eddy viscosity concept is still large,



A.P.S. Freire et al.: The State of the Art in Turbulence Modelling ... 5

However, as pointed out by Bradbury (1997), the idea that turbulent stresses are strongly dependent on
local strain rates (whatever model for v, is used) implies that the length scale of the turbulence is
smaller than the scale of the velocity local gradient - this scale is typically of the order of the flow
width. However, even casual observation of flow visualization shows that the main turbulent structures
are of the same order as the fluid width. It is, therefore, amazing that proportionality relations involving
only stresses and strain rate work so well.

Of course, the concept of eddy viscosity is phenomenological, having no mathematical basis. The
result is that a constitutive relationship for v, still needs to be constructed.

The eddy viscosity can be expressed algebraically in terms of quantities derived from algebraic or
differential equations. Depending on the nature and on the number of equations used, a classification
for the eddy viscosity models follows.

Zero-equation or algebraic models, These models use an algebraic expression for the definition of

v,. Typical examples are the mixing-length concept of Prantdl, the Cebeci Model and the Baldwin-

Lomax Model.

One-equation models. These models employ a single transport differential equation which has 1o

be solved for the fluctuating field. An extra algebraic expression is normally also required for the

complete specification of the flow. Examples of one-equation models are the models of Bradshaw,
of Nee and Kovasnay. of Johnson and King and of Goldstein.

Two-equation models, These models use two transport equations for the description of the

fluctuating field. Examples are the k/g& model, the ¥/ model, the /€2 model, the ¥/t model, and

many others.

So far. the simplest prescription for the second-moments has been achieved through the algebraic
madels. These models are built on an analogy between the randomizing effects of the turbulent eddies
on the mean {low, and the corresponding random molecular motion in a gas. The implication is that the
"turbulent viscosity" can be seen as formed from a product of the density of the fluid, of a local
characteristic length, 1, and of a local characteristic velocity, u.. The analogy with the kinetic theory of
gases is clear; however, in a turbulent flow, both the characteristic parameters must be expected to vary
locally with the flow.

The mixing length theory assumes the fluctuations in both directions 1o have the same order of
magnitude, and these to be proportional to the distance from which discrete "lumps of fluid" are
fetched, times the local mean velocity gradient. This hypothesis reduces our closure problem to the
determination of the characteristic length of the flow, that is, of the mixing length. For simple boundary
layer flows, 1. can be assumed to be proportional to the distance from the wall. For free turbulent flows,
1. can be assumed to be proportional to the width of the turbulent region. The list is not exhaustive.
Here, it suffices to say that every class of flow has its particular formulation of the mixing length.

The mixing length concept works quite well for a class of problems, but suffers from all the
problems inherent to the eddy viscosity hypothesis. In particular, in complex flows, it may be
impossible to specify any form for the mixing-length. In general, the model has shown to be appropriate
for two-dimensional flows with mild pressure gradients and mild curvature. No flow separation or
rotation cffects are allowed in these models. In addition, the algebraic models are useful for two-
dimensional shock-separated boundary layers with weak shocks, and in computing three dimensional
boundary layers with small cross flow, In fact, several authors have sought extensions of the algebraic
eddy viscosity model 1o three dimensional flows (see, for example, Rota(1979)). The success, however,
has been very limited.

We draw our curlains on the mixing length model by pointing out to the reader that this model
assumes the flow 1o be isotropic, and takes no account of processes of convection or diffusion of
turbulence.

In the one-equation models, a transport equation is used to compute the second-order moments.
This can be made in two ways. Through the specification of a single characteristic parameter that can be
used 1o represent the fluctuating field. or, alternatively, relating the characteristic velocity in the eddy
viscosity model to a turbulent property. In the latter approach, the characteristic length still has to be
determined through an algebraic equation.

Almaost all one-equation models use the turbulent Kinetic energy, x ., as the reference parameter. An
exact equation can be derived for « through some simple algebraic manipulation of the Navier-Stokes
equations. This equation, however, presents some turbulent correlations which have to modelled. The
diffusion and the production terms are modelled as gradient transport terms. The dissipation term,
obtained through a local isotropy assumption, is defined in terms of an algebraic equation that involves
the fluid density, the turbulent kinetic energy and the length scale.
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In practice, very little advance of this type of models over the zero-equation models exists. The fact
that the characteristic length scale still has to be fixed by empirical arguments imports to these models
many of the drawbacks ol the algebraic models. The material found in literature, however, clearly
supports the idea that x'* is a better velocity scale than those employed in the algebraic models.

A recent attempt at reviving the one equation models has been made by Johnson and King. They
begin with a beforehand assumed eddy viscosity algebraic behaviour which has as its velocity scale the
maximum Reynolds stress. Next, the maximum turbulent kinetic energy, K., 1s supposed to vary very
little with the transversal direction so that an ordinary differential equation can be constructed to its
prediction. The closure is concluded considering that the ratio of the local kinetic energy to the shear
stress s constant. This model is aimed at a very limited class of flows, namely, at two-dimensional
separated flows without curvature or rotation, The general results of the model are very good.

The next level of sophistication is to introduce a second transport equation, from which the
characteristic length can be calculated. This gives rise to the two-equation models. These models are
considered 1o embody more physics than the previous ones. A list of the various available two-equation
madels can be found in Launder and Spalding (1972) and more recently in a number of review articles
(see, e.g., Lakshminarayana (1986), Wilcox (1988)).

The variables adopted by researchers to determine the length scale vary from one work to another.
One may choose as the second variable a parameter associaled with the mean frequency of the most
energetic motions, That was exactly the original proposal of Kolmogorov (1942). The turbulent energy
dissipation rate per unit mass, €, has been preferred by a number of authors. Another very popular
choice has been the specific dissipation rate, ®. A transport equation for the length scale itself was
derived by Rotta (1951).

The standard two-equation models fail 10 capture many of the features associated with complex
flows. The fact that they are still imprisioned to the eddy viscosity concept makes them very vulnerable
when dealing with flows that present curvature, separation, rotation, and three-dimensionally among
other effects. The advantages and simplicity of the two-equation models, however, should not be
overlooked. These models are much superior to the algebraic and one-equation models i mildly
complex Hlows. Typical successful application of these models are the flows in jets, channels, diffusers,
and annulus wall boundary layers without separation.

The weaknesses and shortcomings of these models have been listed by Hanjalic (1994); they are:
Linear stress-strain relationship through the eddy viscosity hypothesis;

Scalar character of eddy viscosity:

Scalar character of turbulence characteristic scales - insensitivity to eddy anisotropy;
Limitations to define only one time- or length scale of turbulence for characterizing all turbulent
interactions:

* Failure to account for all viscous processes governing the behaviour of € or other scale-

determining quantities by virtue of the simplistic form of the basic equation for that variable;

* [nadequate incorporation of viscosity damping effects on turbulence structure (low Reynolds

number models);

® Inability to mimic the preferentially oriented and geometry-dependent effects of pressure

reflection and the eddy-flattening and squeezing mechanisms due to the proximity of solid- or
interface surface:

* Frequently inadeguate treatment of boundary conditions, in particular at the solid wall.

A logical way of deriving more sophisticated models, of a certain universality, consists in deriving
full transport equations for each of the second-order moments directly from the Reynolds-averaged

equations, This procedure. inevitably, resulls that every derived equation involves various correlations

among fluctuating quantities which are not exactly determined. These, of course, must be modelled in
terms of the mean flow variables, the second-moments themselves, and at least one characteristic time

scale. Models of this nature are usually termed Reynolds-stress transport models. According to some
authors, these models represent the highest degree of complexity that has been exercised in

conventional turbulence modeling.

Addionally, 10 a more universal description of the turbulence, these models are considered to
adhere more rigorously to some modelling pninciples which are judged by some to be crucial. The first

of the principles has to do with the mathematical formalism of the closure problem. Consistency
conditions such as dimensional coherence of all terms, tensonial consistency, coordinate-frame
material frame independence, satisfaction of realizability conditions, limiting properties of turbi i
all these are satisfied by the Reynolds-stress models. The second principle is related to the physics of
the turbulence, For example, the decreasing influence of higher-order moments upon the mean
properties is a feature that must be ohserved in turbulent models.
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The Reynolds stress models are reported (Hanjalic (1994)) to provide a superior representation of
two-dimensional non-equilibrium flows. They are also supposed to perform better in unsteady and
periodic flows and in all situations where the turbulent field exhibits hysteresis as compared with the
mean flow field. The models account for the effects of anisotropy, curvature, rotation, three-
dimensionality, and hence normally performs better than the two-equation models under these
conditions. A shortcoming feature of the models is the need for a scale-determining equation, which
grows in importance in pressure dominated flows, or in tlows with unproperly treated boundary
conditions.

For three dimensional flows, the Reynolds-stress models will result in 6 transport equations which
must be simultancously solved together with the equations of motion. This results in 10-12 equations to
be solved for the mean flow and turbulence quantities. This is certainly a Herculean task even for
present day modern computers. Hence, the order is to simplify the Reynolds stress transport equations.
One try 1s 1o reduce these equations to algebraic equations. Such models are termed algebraic Reynolds
stress models.

The essential idea of these madels is that only the convection and diffusion terms contain stress
gradients. Thus. if through some alternative procedure, these processes could be modelled by equations
not conlaining stress gradients, then the differential transport equations for the Reynolds stresses would
be reduced to algebraic equations. The need for solving turbulent transport equations is not eliminated
here; however, the calculated flow variables are now scalars.

A still simpler approach considers the stress transport processes to be completely negligible. This
local-equilibrium approximations are used mainly for understanding the physical nature of complex
flows. In may cases, they often lead to useful overall models of the stresses.

In fact, many of the ideas that we have been considering in the last paragraphs were advanced quite
some time ago, As early as 1940, Chou introduced, in an absolutely original paper, Lthe equations for the
second and third moments of the turbulent fluctuations. At the time, he proposed to "close" the equation
for the triple velocity correlation by assuming the fourth-order moments to be proportional to the sum
of the three products of two double velocity correlations. In addition, further hypotheses on the
correlations involving turbulent pressure gradients and velocity fluctuations were needed. These
correlations were derived by Chou from a Poisson equation. The equations for vorticity decay were also
found and the terms of energy decay were improved.

Essentially, Chou argued that because the Navier-stokes equations are the basic dynamical
equations of fluid motion, it does not suffice to consider only the mean turbulent motion. The turbulent
fluctuations should be as important as the mean motion and, for this reason, the equations for them
should also be considered.

What Chou really achieved was a systematic way of building up differential equations for the
velocity correlations for each successive order from the equations of turbulent fluctuations. The
problem now lies on the difficulties to be found in solving simultuneously the Reynolds-averaged
equations and the equations for the high order moments. The three major difficulties found at the time
Were:

* The non-linear character of the equations:

* The correlation functions are slowly varying functions of space and time. whereas the

fluctuations are all rapidly varying functions of them;

e To mathematically solve the set of non-linear differenual equations. an extra physical condition

is needed (similarity hypothesis).

These difficulties were finally overcome by Chou (1987) himself by developing the method of
successive substitution. to solve the mean motion and velocity fluctuation equations simultaneously.

Other Approaches to Turbulence Modelling

Another method of describing the turbulent fluctuations is the spectral method, first introduced by
Taylor (1935, 1938). The intreduction of Fourier analysis into the problem leads to some benefits. The
differential operators are converted into multipliers, the physics of turbulence is given a relatively
simple picture, and the degrees of liberty of the turbulent system are better defined. The use of Fourier
analysis is particularly useful when the turbulence is homogeneous, that is, when it is statistically
invariant under translation. Unfortunately, the spectral approach does not solve the problem of closure,
it just appears in a different form.

Using the spectral approach, several theories were built for the description of turbulent flows. Some
are:
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s The direct-interaction approximation;

e The quasi-normal theory.

The first approach is analytical and has only given useful results for isotropic. homogeneous,
turbulence. The quasi-normal theories. which assume all cumulants above some given order greater
than two to vanish, lead to a negative energy spectra. Attempts at fixing this problem have led to
considerations that require an extra assumption about time scales that is guestionable in the energy
containing range. These methods are of narrow application, make a variety of hypotheses whose
validity is difficult to assess in physical terms, and. for this reason, will not be considered further here.

Other methods that heavily rely on numerical simulations have been developed more recently. One
of them, direct simulation, has received a lot of attention.

The remarkable recent advances in computing power have opened an era of simulation. The
application of paralleled codes on computers with cfficient networking and large memory capucity hus
become a very powerful way of computing turbulence. Ideally, we would like to perform computations
by solving the complete Navier-Stokes equations. However, due to the resolution restrictions observed
i section 2, the calculations are presently restricted to flows with a Reynolds number of the order of
10%. Despite the severe limitations imposed by the resolution requirements, direct simulation has proved
to be a powerful tool for understanding the physics of turbulence and furnishing data for the
development and the improvement of turbulence models. In fact, it is capable of providing data on
turbulence that is virtually unobtainable from experiments such as pressure-velocity correlations.

So far, our models for the simulation of complex turbulent flows, have relied on the use of
statistical averages for the vanables of interest. Another possibility is the use of filters on the same
variables. This approach, normally termed large eddy simulation, presents the advantage of naturally
introducing the scales of the resolved variables. The result is that, i) in principle, it is simple to prepare
the input data for numerical models that are consistent with those scales: ii) the interaction that occurs
between numerics and physics in the solution of the equations of motion is very strong, and the use of
this approach makes it easier to have a better understanding of this process. The term large eddy
simulation is frequently associated in literature with a space filtering operation. The use of time
filtering, however, also has been tested: this results in the elimination of highly fluctuating components
in ime, allowing the use of large time steps in the numerical integration of the motion equations.

Let us now look in more detail at the philosophy of large eddy simulation. The method reguires that
a filtering operation is applied to the Navier-Stokes equations. Next, the velocity field is decomposed
into a large scale velocity and a sub-grid velocity scale. This produces a new problem. The non-
linearity of the advective term will now result in four different terms. Indeed, for a general space
filtering operation, the classical averaging rules do not apply. Only one of these resulting terms is
analogous to the Reynolds stresses. The other terms arise from the fact that, as we have just said, the
filtering operation in not idempotent. The subgrid scale modelling problem can then be defined as
finding expressions for the subgrid terms as a function of the large scale variables. Actually, the subgrid
scale modelling problem is not a well posed problem. In the physical problem, the propagation to the
large scales of the uncertaintics contained in the subgrid scales will contaminate the former yielding a
tlow with an unpredictable nature. Now, consider we have constructed a subgrid scale model, and that,
therefore, we have at our disposal a closed set of motion equations where everything is expressed in
terms of the large scales. Then the simulations conducted with these set of equations will not be able to
propagate any disturbances which would generate different flow fields. This implies that a large eddy
simulation of turbulence will not faithfully reproduce the large scale evolution from a deterministic
point of view, at least for imes greater than the predictability time,

In large eddy simulation, the calculated flow must then be interpreted as a different realization of
the actual flow, What one would hope 1o happen is that realization to have the same statistical
properties of the real flow and the same spatially orgunized structures (though, at a different position
from the reality).

Based on these concepts, Lesicur (1990) defines what a good large eddy simulation of turbulence
should be.

Low grade definition the simulation must predict correctly the statistical properties of turbulence

(spectral distributions. turbulent exchange coefficients, et cetera).

High grade definition moreover. the simulation must be able to predict the shape and topology (but

not the phase) of the organized vortex structures existing in the flow at the scales of the simulation.

An important guestion 1o be asked now is: How small the scale of the resolved motion has to be?
We begin Lo answer by reminding the reader that in high Reynolds number turbulent flow, the smaller
the scale of the motion, the more isotropic it becomes, and that. in fact, an "inertial” subrange exists.
Thus, if the scale of the large scale motion lies on the inertial subrange. the behaviour of the unresolved
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scales could then be assessed by invoking their near isotropic properties. The implication is that the
proper master scale to be used in large eddy simulation of turbulence is precisely the grid spacing for
isotropic meshes. For anisotropic meshes, a product average or a Euclidean norm can be used.

Some Major Achievements

The classical theories of turbulence have achieved some results in the past which clearly have had a
definitive influence in our perception of the problem. Next, we shall discuss some of these successes.

The second-order two-point correlations play a leading part in turbulence theory. We have
discussed in some detail in the previous sections the engineering approaches for the one-point
correlations. However, if our interest is the underlying structure of the turbulence, we should consider
the velocity correlations at two or more points. These fundamental concepts were advanced by Taylor
(1935) in a paper where he also introduced the concepts of statistical homogeneity and isotropy.
Subsequently. Taylor (1938) introduced the three-dimensional energy spectrum in wavenumber (ie.,
the Fourier transform of the two-point correlation in space), an entity whose calculation has become one
of the fundamental objectives of turbulence theory. This function measures how much energy is
contained between the wave numbers x and x + dx.

The closure problem for isotropic turbulence can be formulated in wave-number space. In this way,
when we consider the transport of turbulent energy. this will be in wavenumber rather than
configuration space. Large scale structures are associated with small values of k, whereas small
structures are associated with high values of k. Thus, the transfer of energy will occur from one range
of eddy scales to another. This process is known as the "cascade of energy".

The energy balance equation is obtained from the equation for the single-time correlations, This is
just the mean motion equation, after some manipulation, specialization to homogeneous turbulence and
Fourier transformed, A further specialization to the isotropic case, reduces the spectral tensor Lo ils
isotropic form. The trace of the tensor then gives the energy spectrum, E. The resulting equation for E,
involves then a production term, a dissipation term, and a transport term. The transport ferm
corresponds to the triple velocity correlations coming from non-linear interactions of the Navier-Stokes
equations; this term just redistnibutes energy in wave number space.

The usual interpretation of the energy balance equation is that the energy 1n the flow stored at small
K (that 15, at large scales) is transferred by the non-linear transport term to large K (that is, to small
scales), where it is dissipated through heat by the action of viscosity. The non-linear term describes
conservalive processes, namely inertial transfer of energy from one wave number to a neighboring one.
Now, from ample experimental evidence, we know that the energy is determined by the lowest
wavenumber, that the dissipation rate is determined by the highest wavenumber, and that the two ranges
do not overlap even for very low values of the Reynolds number. It follows that the non-linear transport
term can be made to dominate over an as large as we like portion of the wavenumber space. by simply
increasing the Reynolds number.

The above ideas were formalized by Kolmogorov (1941) in two famous assumptions.

Kolmogorov's first hypothesis of similarity. At very high, but not infinite Reynolds numbers, all

the small-scale statistical properties are uniquely and universally determined by the scale. |, the

mean energy dissipation rate, g, and the kinematic viscosity, v.

Kolmogorov's second hypothesis of similarity. In the limit of infinite Reynolds number, all small-

scale statistical properties are uniquely and universally delermined by the scale, 1, and the mean

energy dissipation rate, €.

By a simple dimensional argument, the first hypothesis implies that the energy spectrum can be
written as: E (k) = v* £ f{kl), where f is a universal function.

The second hypothesis implies that, in the limit as Reynolds number tends to infinity, E {k} should
become independent of the viscosity. This amounts to the energy spectrum assuming the form
E(k) = £ x 7, the famous Kolmogorov's x*" law, This law is remarkably well verified experimentally,
although the fine-scale motion does not necessarily have the desired degree of isotropy postulated by
the author, and the proportionality constant cannot be deduced convincingly by theory.

A second major success of wmrbulence theory is the theory of Taylor (1921) for the turbulent
ditfusion of fluid particles. A random process where at any instant the future state of the process is
entirely determined by its state at that particular instant and independent of its prehistory is called a
Markov process. Alternatively, we say we have a Markov process when the future is independent of the
past for a known present. For the turbulent diffusion of fluid particles, this is certainly not the case. In
the turbulent motion of a fluid. the motion of the particles is continuous - 5o is the exchange of
transferable quantities - and there is a correlation in time between properties of a fluid particle at
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subsequent tmes. This memory behaviour of wrbulent diffusion implies that this process cannot be
considered a Markov process. Taylor extended these notions to the twrbulent flow diffusion by
considering the path of a marked flud particle during its motion through the flow field.

Considering the displacement of marked fluid paricles, Taylor introduced the Lagrangian
autocorrelation and the integral time scale. Then, further considering the flow to be homogeneous in
space and time, an exact result for the mean square distance traveled by a diffusing marked fluid
particle was derived in terms of the Lagrangian correlation coefficient, R,. The difficulty is that a
theoretical solution for R, cannot be found. Also, experimental measurements of Lagrangian quantities
in turbulent flow are difficult o muke, so that information about R, is scarce. Nevertheless, two
important results concerning the limiting cases of t — 0 and of t — &= were enunciated.

Short diffusion times: R, = 1. The distance traveled by the marked particle is equal to its velocity

multiplied by the time elapsed. A classical result from Newtonian mechanics. In other words, one

can say that, at short diffusion times, the motion of the marked particle is predictable, provided we
know the initial conditions; that is, the motion is deternuinistic.

Long diffusion times. The root mean square particle displacement is proportional 1o the square

root of the time elapsed. This is the same result one would find for the classical random walk of

discontinuous movements, where the particle variance is proportional to the square root of the
number of steps.

The latter result characterizes the analogy between the gas kinetic theory and the diffusive motion
of eddies. Thus, the r.m.s. distance traveled by a fluid particle can be expressed in terms of a diffusion
coefficient defined as a function of single-time means and a Lagrangian integral time-scale. The above
results, although simple, gave us a deep insight into the nature of turbulent diffusion. Nothing was
really solved by the results, as the closure problem still persisted, but some connections and
"transforms” of the problem were established.

Another great achievement of the traditional approaches is the universal log-law for the mean
velocity distribution in the near wall region. Using the noton that the near wall turbulent flow could be
divided into distinct regions. with distinct dominant physical effects, scaling velocities and lengths.
Millikan, (1939) resorted to a "matchability" argument to work out a functional relationship for the
velocity profile. The resulting logarithmic expression has become one of the great paradigms of
turbulence theory. Validated by a huge number of experimental data, the so-called law of the wall has
become a bench mark result 10 which all simulations of wall flow have to conform to. Evidence in favor
of the law is, therefore, strong. Some authors, however, have placed the law under a severe scrutiny,
claiming the velocity profile Lo be power-like, and not logarithmic-like!

In fact, the derivation of both laws is equally consistent and rigorous. However, they are based on
entirely different assumptions. Both derivations start from similarity and asymptotic considerations.
The log-law is obtained from the assumption that for sufficiently large local Reynolds number and
sufficiently large flow Reynolds number, the dependence of the velocity gradient on the molecular
viscosity disappears completely. In the alternative approach that leads to the power-law, the velocity
gradient is assumed to possess a power-type asymptotic behaviour, where the exponent and the
multiplying parameter are supposed to depend somehow on the flow Reynolds number. Thus, the
velocity gradient dependence on molecular viscosity does not disappear however large the local and the
flow Reynolds numbers may be. The form of the power-like scaling law yields a family of curves
whosc parameter is the Reynods number. The resulting envelop of curves is shown to be very close 10
the universal log-law.

The original result, however, has remained unshaken. The fact that the log-law can be obtained
from formal asymptotic methods and that it has been shown to apply to a variety of flows, has firmly
silenced its critics, In fact, the large body of useful services covered by the law has made it to transcend
in importance. The universal laws of friction for smooth and rough pipes are just one of the pungent
examples of application of the log-law.

Typical examples of application of the law include cases with wall transpiration, roughness, transfer
of heat, compressibility. three-dimensionality, and even separation of flow. Of course, for all of these
situations, some modifications need to be made in the original formulation to comply with specific flow
requirements. However, the essence of the law and its general form are the same for all cases.

For boundary layer flows, a second universal law was added to our collection of great
achievements. In the outer region of the boundary layer the log-law may no longer apply, since the
conditions in which it is based are no longer valid. However, experimental evidence has shown that, if
we consider as our reference quantities the skin-friction velocity and the boundary layer thickness, a
velocity defect similarity relation can be constructed which turns out to be valid for the whole turbulent
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part of the boundary layer. This result was suggested by Von Karman to be considered a postulate, the
velocity-defect law.

Impressed by the similar behaviour between the flow in the outer region of a boundary layer and the
flow in a wake, for both exhibit large scale mixing processes controlled primarily by inertia effects
rather than viscous effects, Coles, (1956) proposed a correction function to the classical log-law. The
resulting expression, built purely on experimental grounds. includes in its validity domain both the
turbulent part of the wall region and the outer region. The equation for the correction function was
called by Coles the law of the wake. The actual function may be approximated by an antisymmetrical
sine function multiplied by a profile parameter which does not depend on the transversal flow
coordinate,

The above list of successes is, of course, not exhaustive. Some other great achievements such as the
stability theory for the flow between two rotating cylinders developed by Taylor, (1923), or the
boundary layer approximations due to Prandtl, (1904), could easily have been included here. The main
feature of the chosen achievements is that they were advanced by exploiting plausible physical
arguments through dimensional and similarity analyses.

The reader will be keen in identfying some of the above results with some of the basic working
rules advanced in the section Some Basic Working Rules.

A Bit of History

The progress in the art of wrbulence modelling in Brazil must, in some way or another, be related
to the degree of development of its graduate courses in physics, applied mathematics and engineering.
This is equivalent to say that turbulence is a contemporary subject in Brazil, still in its infancy and,
therefore, in a very incipient state. In fact, the very first graduate engineering course in Brazil was only
inaugurated al the Federal University of Rio de Janeiro (UFRIJ) in the sixties. In a historical deed, the
Chemical Engineering Division of the Institute of Chemistry founded in March of 1963 the Chemical
Engineering Graduate Program. This act was a direct result from a previous official visit to the United
States of America by Prof. Alberto Luiz Coimbra to study in deiail all the aspects of the engineering
graduate courses taught at the Universities of Houston, Rice, California (Los Angeles and Berkeley),
Stanford, Cal. Tech., Minnesota, M.L.T. and Michigan. The visit, which took place in December of
1960, was sponsored by the Organization of American States, (OAS). and by the Congregation of the
Chemical School of the Federal Universily of Rio de Janeiro. As a follow up to this visit, in August of
1961 the Deans of the Engineering Schools of the Universities of Houston and of Texas came to Rio de
Janeiro,

Together with their Brazilian pears, the visiting deans established a preliminary plan for the
implementation of a graduate engineering course at the Federal University of Rio de Janeiro that was
finally presented in October, 1961, to the brazilian coordinator of the Alliance for Progress. This plan
wus made accessible to the community in December of 1961 al a seminar on university reform and on
the teaching of engineering organized by the Engineering Club of Rio de Janciro. As an exercise to a
complete implementation of the graduate program, it was decided that short and intensive courses on
the subjects of Boundary Layer Theory and Turbulence, Flow in a Porous Medium and Computer
Programming would be offered in the months of July and August of 1962. The courses would be jointly
sponsored by the OAS. the Brazilian National Research Council (CNPq), the Chemical Institute of
UFRJ and the University of Houston (UH), and would be given by the UH lecturers Drs. Abraham E.
Dukler and Elliot I. Organick.

This initiative, in fact, was determinant in the definition of the areas of excellence that the graduate
courses to be estublished were this have throughout the sixties, The special care dedicated to fluid
mechanics was clear, and that is where this review wants to concentrate on,

The formal inauguration of the Chemical Engineering Program occurred in March, 1963. Still
benefiting from financial help from the OAS, and with further aid from the Fulbright Commission and
the Rockfeller Foundation, the coordinators of the graduate program invited four American lecturers to,
together with six other Brazilian colleagues, provide the initially required teaching and supervision.
The four U.S. lectures were Profs. Donald Kalz, Louis Brand, Comelius John Pings Jr. and Frank M.
Tiller. Only two years later. and under the guidance of the Chemical Engineering Program. the
Mechanical Engineering Program started functioning. In the years that followed, nine other graduate
programs were created giving origin to the Post-Graduate Engineering School of the Federal University
of Rio de Janeiro (COPPE/UFRJ).

The role of those three initial courses on the development of the subjects of fluid mechanics and of
heat transfer in Brazil was seminal. Levered by the presence of great scientists on those subjects, the
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chenucal and mechanical graduate programs became an important center for fluid mechanics and heat
transfer studies. Indeed. all twenty four M.Sc.(Magister Scientia) theses that were presented at
COPPE/UFR] from 1964 to 1966 had to do in some way or another with fluid mechanics or heat
transfer processes. Only in 1968, and only with the entrance of the graduate programs in Metallurgical,
Electrical, Civil, Nuclear, Naval and Manufacturing Engineering, the tide of power started to change.

In a broader sense, as we shall see, the above mentioned fucts unfolded in a national level. The cast
of great scientists temporarily associated to COPPE/UFRI was to become a key factor in the
development of the sciences of fluid mechanics and of heat transfer in the whole of Brazil. Several
examples immediately leap to the mind. The close relation, almost intimate, between COPPE/UFRJ and
Houston University through Profs. Coimbra and Tiller prompted several students to go abroad to study
with Prof. A. E. Dukler and other Houston lecturers. These students were late to come back to Brazil
and, on moving to different institutions. they were ultimatcly the responsible for the cstablishment of
many other graduate fluid mechanics programs in Brazil. Another notable example was the passage of
Prof. Ephraim M. Sparrow, currently an Emeritus Professor at Minnesota University, through
COPPE/UFRI. After spending two years in Brazil, he wenl on to supervise a large number of Brazilian
students over a span of more than twenty years. His impression on the development of flmid mechanics
science in Brazil is therefore unquestionable. Indeed. when the Mechanical Engineering Program
started, its staff consisted only of four lecturers: Profs. Sparrow and Jacques Louis Mercier, and the
assistant lecturers Théo F. C. Silva and Franscisco N. de Farias. As Prof. Mercier left after a span of
one year, the role of turning the graduate program in mechanical engineering into a success was left
almost entirely to Prof. Sparrow.

In the next sections we will try to establish a firm connection between all the above facts and the
present state of turbulence research in Brazil. Here, just for the sake of future reference, we will quote a
number of selected theses. They are:

s Gileno A. Barreto, "Hot-wire Anemometer - Construction and Calibration", M.Sc. Thesis, 1964,

* Rall’ Gielow, "The Graetz-Nusselt Problem for a Turbulent Flow", M.Sc. Thesis, 1965.

* Jodo S. D'Avila, "Solutions of the Boundary Layer Equations for a Turbulent Flow", M.Sc.

Thesis, 1968.
¢  Armo Bollmann, "Study of a Turbulent Jet in a Highly Turbulent Environment", M.Sc. Thesis,
1969.

* José Augusto F. Gouvéa, "Heat Transfer in Turbulent Flows", M.Sc. Thesis, 1969,

e Carlos E. Lopes, "Turbulence in the Vicinity of Fluid Interfaces", M.Sc. Thesis, 1970,

These examples were chosen to illustrate the state of turbulence research in Brazil by the end of the
sixties. They. by no means, represent the totality of work done in turbulence at that time. Note.
however, that any of the above titles could be perfectly valid titles for theses to be presented in the past
few years.

The growth in the engineering sciences in Brazil provided by the consolidation of several graduate
courses quickly started pressing for the creation of an appropriate forum where discussions of scientific
interest were to take place. As a result, several symposia and conferences were to have birth in the late
sixties, carly seventies,

For the mechanical engineering community, the landmark was the creation of the Brazilian
Congress of Mechanical Engineering. Aiming at discussing the problems - in a broad sense - related to
mechanical engineering in Brazil, a small group of twelve researchers assembled in Florian6polis, Santa
Catarina, for the First Brazilian Symposium on Mechanical Engineering. The Symposium was held in
1971 and produced twelve technical papers. Since then, and at every two years, the Brazilian Congress
of Mechanical Engineering (COBEM) has been staged on a regular basis; it is, unquestionably, the most
important conference in Brazil on Mechanical Engineering. In its latest edition, the astonishing number
ot 631 papers were presented.

By 1986 the area of thermosciences had achieved such a degree of development in Brazil that the
creation of an event uniquely devoted to it was a must. A new conference was then organized which
was (0 be termed the Brazilian National Meeting on Thermal Sciences (ENCIT). The conference, which
is held every two years, became an immediate success. In the last event, held in Florianépolis, Santa
Catanina, 331 papers were presented.

Statistics

Before we make any critical comment on the existing literature on turbulent flow, let us first work
out the statistics of the past COBEM's and ENCIT's. On compiling all relevant work to this review we
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have tried as much as possible to include all material of interest. Hence, the orientation was 10 consider
every possible contribution to the subject. As such, all papers that dealt with turbulence in one way or

another were considered.

The key to abbreviations is shown in Table 2. Table 3 shows the details of all the events covered by

Table 2 Key to abbreviations

Aero. = Aeronautics

Comb. = Combustion
TurbMach. =  Turbomachines
Int.Flow = Internal Flow

Heat Exch. = Heat Exchangers
E.F.M. = Environmental Fluid Mechanics
Ind.Proc. = Industrial Processes
Instr. = Instrumentation
M-Phase =  Multi-Phase Flow
Hot-W. = Hot-Wire Anemometry
Visual. = Flow Visualization

the present review. A comparison between the total number of published work and the number of
papers on turbulence can the drawn from this table and Table 4. Note that the papers on turbulence
account for roughly 10% of the total contribution to the ENCIT's. Concerning the COBEM's, about 5%

Table 3 ABCM conferences

Conference

Date, Organizing Committee

Mo. Papers

COBEM-1971
COBEM-1973
COBEM-1975

COBEM-1877
COBEM-1979
COBEM-1981
COBEM-1983
COBEM-1985
ENCIT-1986
COBEM-1987
ENCIT-1988
COBEM-1989
ENCIT-1990
COBEM-1991
ENCIT-1992
COBEM-1993
ENCIT-1994
COBEM-1995
ENCIT-1996

19-24/Nov, Prof. C.E Stemmer/SC
5-7/Nov, COPPE/UFRJ

9-11/Dec, COPPE/UFRJ

12-14/Dec, CT/UFSC

12-15/Dec, UNICAMP

15-18/Dec, PUC/Rio

13-16/Dec, UFU/MG

10-13/Dec, ITA/SP

10-12/Dec, PUC/Rio

7-11/Dec, DEM/UFSC

6-8/Dec, INPE,GTA

5-8/Dec, PEM/COPPE/UFR.
10-12/Dec, DEM/UFSC

11-13/Dec, IPT,UNESP,UNICAMP, USP
1-4/Dec, PUC/Rio

7-10/Dec, DEM/URB/DF

7-9/Dec, EPUSP,IPT/SP

12-15/Dec, UFMG,PUC/MG, CEFET/MG
11-14/Nov, DEM/UFSC

12
85
106

133
169
162
1897
239
61
443
94
350
216
401
189
521
137
631
331

of the contributed papers were related to turbulence.

Table 4 classifies all gathered literature according to the area of application. A classification of all
theoretical work according to the type of adopted turbulence model or problem methodology is
presented in Table 5. The experimental works are clussified in Table 6.

Table 4 Work motivation

Aero.

Comb. TurbMach.

Int.Flow Heat Exch.

E.F.M.

1973
1875
1877
1979 1
1981
1983
1985
1986
1987 3

1

2
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(continued)
1988 2 1 1
1989 4 1 2
1990 5 1 1 2 3 1
1991 B 3 4 1 4
1992 5 1 2 2
1993 3 3 2 1 1
1994 2 2 1 1 2
19495 1 1 2 1
1996 8 B 2 5 2 4
Fundamental Ind.Proc, Instr. M.-Phase Total
1973 1 1 4
1975 4 5
1977 7 1 10
1979 4 T
1981 1 3
1983 3 3 7
1985 5 7
1986 5 ]
1987 3 10
1988 2 2 8
1989 9 1 5 22
1990 6 2 21
1991 2 1 1 18
1992 6 2 18
1993 8 1 1 20
1994 5 1 14
1995 10 1 16
1996 5 12 44

Table 5 Turbulence Models

Eddy Viscosity Models Algebraic Stress Models

il 0Eq. 1.Eq.  2.Eq.  Classic  RNG _ Generic
1973

1975 1
1977 1

1979 1 1
1881 1

1983
1985
1986
1987
1988
1989
1990
1801
1902
1993
1994
1995
1996

Transition Asymp. Tech. Vortex Meth. Other  Total
1973 1
1975
1977 2
1979 2
1881
1983 1
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(continued)

1985 1 2 5
1986 1 1 -
1987 4
1988 4
1988
1990
1961
1992
1993
1994
1995
1996 3
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Table 6 Experimental works

Hot-W. Optical Pitot Tube Visual Other T
1 1
3

1973
1975
1877
1979
1981
1983
1985
1986
1987
1988
1989
1990
1991
1992
1993 1
1994
1995 1 1
1996 3 4 1 5
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A Personal View

Let us now make a critical evaluation of all the work listed in the previous section.

The number of produced works that touch on turbulent flow is, as fully demonstrated by Table 2,
not negligible. In fact, we are sure that those numbers will surprise most people. In particular, in the last
ENCIT forty five papers on turbulence were presented. This figure would justify in its own right the
realization of a conference only devoted to turbulence. Here, we remind the reader that a large,
worldwide, conference on turbulence would attract about one hundred papers. Of course, one may
argue that the number corresponding to ENCIT'96 cannot be taken as a general trend for the number of
published works. However, even the average number of published works over the last eight years,
twenty two, is not bad at all.

The distribution of the works according to their area of interest, Table 3, shows that Aeronautics
and Fundamental Studies are still the leading scorers. Examples of works on Internal Flows, Heat
Exchangers, Combustion or Turbomachinery, are very few. The areas of Instrumentation and
Multiphase Flows are almost barely touched.

The true picture of the turbulence research carried out in Brazil by the mechanical engineers and
scientists, however, is provided by Table 4. The striking feature there is the overwhelming majority of
works on the two-equation modelling of turbulence and on similarity and asymptotic methods. The
number of works in any of these two classes is even larger than the number of works that employ
algebraic turbulence models. No work was found on the direct numerical simulation of flows. Only one
work was found on large eddy simulation, and two on Reynolds stress modelling.
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The compilation of all experimental work on turbulence is shown in Table 5. The numbers are
extremely tumid. They show that no tradition exists in Brazil for the performance of experimental
studies on twrbulent flows. In particular, the hot-wire anemometry technique, so important for the
measuremgnt of turbulent flow properties, is shown to be very incipient in Brazil.

The performance of good, reliable and accurate experiments is however crucial for the development
of the science of turbulence. As we saw before, the models that serve industry are all Ad Hoc models.
We have also seen that most of the work carried out in Brazil makes use of two-equation differential
models and that these models are vulnerable to a series of weaknesses and shortcomings. Unfortunately,
these difficulties must always be overcome on an individual basis through new modelling procedures
resulting from new experimental observations.

In fact, as observed by Prof. L. J. S. Bradbury in a personal communication to the present authors,
the bound between the available data and the available turbulence models is very tight. Indeed, as vastly
demonstrated by common experience, the progress in turbulence modelling is directly fastened to the
progress in turbulence measurement techniques. Thus, according to Bradbury: "When only mean
velocity measurements were available, only integral theories satisfying overall momentum conservation
could be formulated. A small number of disposable constants were needed but agreement with
experiments was poor outside the data set. With turbulent measurements, differential models could be
developed which satisfied local momentum conservation. As befter measurements became available,
models satisfying an enlarging hierarchy of conservation relationships were developed with an
enlarging hierarchy of disposable constants. [n no case are the models rational models - they are all, o a
greater or lesser extent, empirical, and modelling is really a sophisticated way of "curve fitting" to the
experimental data. The number of disposuble constants in Reynolds stress models is large and they are
adjusted to give the best fit to the largest set of experimental data'.

In relation to the large number of theorctical work on two-equation differential models and,
particularly. on numerical techniques, we must acknowledge this to be related to type of training that
the Brazilian scientists received in their undergraduate and graduate courses, In fact, the increasing lack
of training on experimental techniques and on the fundamental aspects of turbulence is a worldwide
trend that is only being repeated in Brazil. The pressing demand for publications, the absolute shortage
of money for research, the computer revolution, all these are factors that conspire against the
establishment of experimental programs and time consuming fundamental studies. Researchers these
days have become more practical, choosing as their research lines topics which can be developed at a
certain pace and with the minimum of trouble: this will assure them a profitable carrier.

The aggravating circumstance for the Brazilian case is that we have never had any tradition on these
issues and, as a result, nothing really was built in the past in those lines. The competence of Brazilian
rescarchers to implement turbulence models for a variety of flow situations is undoubtedly high. In the
literature reviewing process several examples of very complex problem geometries were found. Despite
a clear dominance of numerical methods that involve finite differences and finite volumes, quite a
number of works were found on finite elements, vortex dynamics, integral methods, the generalized
integral transform technique, integral methods, and many others.

The number of works which resort to perturbation techniques is also significative. These techniques
have a long history of service to fluid mechanics, dating back to Prandtl (1904) and the derivation of the
boundary layer theory. The law of the wall, is perhaps the soundest case of application of singular
perturbation methods to turbulent flow. In recent times, in the past editions of COBEM's and ENCIT's,
extensions of the law for more complex flow situations have been sought with success. Such diverse
effects as flow transpiration, flow compressibility, transfer of heat at the wall, surface roughness, shock
wave interaction, flow separation, or a combination of all these factors, have been incorporated to the
classical formulation yielding a set of useful expressions for the local velocity and temperature profiles,
and for the skin-friction coefficient and the local Stanton number.

The tradition on theoretical fluid mechanics in Brazil has certainly its roots on the early graduate
courses set oul in the sixties. At that time, and by virtue of the strong mathematical character of the first
fluid dynamicists, in particular Prof. Coimbra, the emphasis had always been on the development of the
fundamental aspects of problems. Experimental investigations were always rare. It is, therefore, only
natural 1o expect this trend to be reflected in the past publications appearing in COBEM and in ENCIT.
In fact, since the early editions of COBEM some very interesting theoretical works on turbulent flow
were present. The years of 1975 and of 1977 were clearly vintage years for works on turbulence. All
five works presented in 1975 and all ten works presented in 1977 were top quality. In the years to
follow some great works were continuously been added to ABCM's archive.

This brings us to a paradox. Despite the superior quality of work that was being generated, few
people managed to continue in the system producing quality work. In reality, many vanished after a few
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years. In more recent times, this has become a worrying pattern. Researchers with a very good academic
record, who performed very good research work in their Ph.D. courses, simply do not seem capable of
following it up in their carriers. The consequence is that, despite a continued entrance of new people
into the fluid dynamics community. the number of published works remains nearly constant in the last
eight years. The reasons for this phenomenon are unknown to the present authors. Maybe researchers
are carrying out more applied studies, which take them away from their original specialization field;
maybe their academic loads become too heavy or the struggle for financial aid is tough and
unrewarding, The number of feasible explanations is high and academic at this stage. The important
point to notice is that a lot of well educated scientists are not surviving in the present system and that
something must be done.

Gallery

This section was thought as to provide the reader with a brief but faithful view of the type of studies
carried out on turbulence in Brazil in the last twenty five years, illustrating the past achievements
through pictures and graphs taken directly from the original works. The expectation is that the selection
will be representative enough to cover all aspects discussed in previous sections. In this sense, the main
body of work is concentrated on asymptotic techniques and on two-equation differential models.

The first ABCM Conference with full proceedings was the 1973 COBEM. In that occasion, only a
single work was presented on the subject of turbulence. The work, due to Gaspareto and Giorgetti, was
a very interesting attempt at developing hot-wire probes for the measurement of water flow properties.
The wires were coated with epoxy, yielding an alternative method for the use of hot films. The
description of the main aspects of the problem. including the whole probe production process und the
calibration process was, unfortunately, very short and incomplete. what makes it virtually impossible 1o
reproduce the author's results. In taking the measurements a DISA 55D01 anenometer unit was used.
Graphs for the flow mean velocity in the wake behind a cylinder were presented for two different
Reynolds numbers. Typical measured velocity profiles are shown in Fig. 1, which is here reproduced in
its totality. In fact. in reproducing all figures, we have decided to keep the original captions.
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Fig. 1 Hot-wire results of Gaspareto and Giorgetti.

The next COBEM presented some high quality work. The return to Brazil of several research
students who had gone abroad for their Ph.D. degrees brought back some innovaling ideas. All works
present in the 1975 proceedings were, in fact, to have far reaching influence in the development of
turbulent research in Brazil. In view of the statistics we have seen before, we are obliged to mention
here the work of Carajilescov. In his work, an one-equation differential model was used to describe the
details of the flow through a triangular array of rods with different aspect ratios and Reynolds number.
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The calculations were in reasonable agreement with the experimental data of other authors, allowing the
author to make a good assessment of any existing secondary flow. Results for the shear stress
distribution are shown in Fig. 2.
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Fig. 2 Results of carajileskov.

The year of 1977 was also very good for works on turbulence. Therefore, the task of selecting a
representative reference of all works published was really difficult. The works of Militzer, Pimenta,
Alves, Pereira Filho, Alvim Filhe and of Menon, all resulted from their graduate dissertations. The
works of Crabb and of Nickel were top quality, but had no participation, direct or indirect, of brazilians.
From a historical perspective, it is the judgment of the present authors that perhaps the article with the
most relevant result was the work of Pimenta. His experniments were part of a great collective effort of
the Heat and Mass Transfer Group at Stanford University to assess the properties of transpired turbulent
boundary layers, and the new data he gathered for flow over a rough an porous wall became reference
work. Some of his data for the local skin-friction coefficient and for the Stanton number are shown in
Fig. 3.



A.P.S. Freire et al.: The State of the Art in Turbulence Modelling ... 19

— —correlacio eq ©

St H St
\,-_‘_ 18 F‘;:O
T ] i
ez F FQ0044 ooy
Qoo "Nbﬁ oo ‘J‘nﬂv
F-
0 - o :
] Aplr 20 6] AdIr 20

Fig. 4 Nimercs de Stanton com injegdo

s Cf}.?,o(ln[Bf 91}!8' )x}re
Cyf2 ~ F

Q002 = e I N

— —-__!L___,g M Om2

|
Qoo 1 [0004
0
0 2000 x/r 4000

Fig.5 Cneficiente de atrito com injegao

Fig. 3 The experimental results of Pimenta.

The next COBEM did not bring any great news, Compared with the previous conferences, the
results presented did not show any significative change. Seven works where published in the
proceedings. A very interesting one was the experimental work of Ferreira on turbulent thermal
convection in a horizontal layer between parallel plates. The work illustrates the various possible
configurations for the thermal convection process, comparing the data of several authors, including his
owi. Fig. 4 shows the flow configurations tackled in this work. Results for the high order moments
were presented.

The year of 1981 showed a sharp decline in the number of works on turbulence. Only three works
were published that year. From these, the most interesting one was the work of Frota and Moffat. In this
work, a triple hot-wire system was developed to measure the instantaneous values of the velocity
components. The technique allowed the measurement of the turbulent properties of complex turbulent
three-dimensional flows with the use of a single probe. According to the authors, both the mean
velocity profiles and the turbulent shear stresses could be measured with an accuracy of 1.4% and 3%
respectively, provided the probe axis had a maximum misalignment of 207 with the flow direction. The
paper is reasonably detailed but the results are poorly presented. The figures and graphs have a small
size and for this reason are difficult to reproduce.

In the next COBEM we had a singular fact: all published works on turbulence were experimental
works. Besides, and more importantly, five of the seven presented works were fully developed in
Brazil, two of them dealing with the difficult subject of hydrodynamic stability. To illustrate that
vintage year for experimental work we show here graphs for the critical Taylor number and the critical
Reynolds number obtained, respectively by Purquerio and by Santana et al., for two different flow
geometries: the flow of a Newtonian fluid in the interior of two concentric rotating cylinders and the
flow of a non-Newtonian fluid in a capillar reometer.
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QUADRO I
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Fig. 4 Possible flow configurations for turbulent thermal convection In a horizontal layer between parallel
plates (after Ferreira).
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The following conference had the same number of published works, seven. From these. the most
important were the two experimental works of Leite et al. on plane turbulent jets. In these works, the
organized motion in the near field of a trbulent plane jet under periodic controlled acoustic excitations
were investigated visually and quantitatively through smoke-wire and hot-wire techniques. The
Strouhal number was made to vary from 0.15 to 0.60 and the time-dependent excitation from 0.5% to
49%. The main conclusion was that the fundamental component attains a maximum value for Strouhal
= (.18 at x/H = 4.0 along the centerline. Flow visualization results obtained through the smoke-wire
technique are shown in Fig. 6.

Fig. 6 Organized motion In the near field of a turbulent plane jet.

The year of 1986 inaugurated the ENCIT's, In all, nine papers on turbulence were presented in this
conference. The works were aboul average, reflecting mainly the work carried out in Brazil at that time;
the meeting had only one foreign entry. In fact, most works were just a small departure of former
works that were being studied for many years; some for more than ten years. The work of Pimenta and
Alvim Filho studied the mixing flow provoked by the interaction of two confined axisymmetric jets.
Several graphs were presented with the axial distribution of static pressures and the transversal profiles
of the averaged velocities and turbulent intensities. Figure 7 shows some of the data.
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Fig. 7 The experimental data of Pimenta and Alvim Filho

The 1987 COBEM section on turbulent flow had only three articles. From those, the only one worth
ol a note was the wark of Leite and Scofano. By this time, Leite had a very comprehensive oeuvre on
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plane turbulent jets, certainly one of the most important in the history of events sponsored by ABCM.
For this year, no figures will be presented.

The 1988 ENCIT had no particular section on turbulence. Even so, eight works on the subject were
presented that year. Embarking on a trend that was 1o dominate the studies on turbulence in Brazil in
the coming years, the turbulent flow in a compressor was investigated by Deschamps, Ferreira and
Prata through a two-equation differential model. The limitation in paper length resulted in a very
concise arlicle where many aspects of the analysis could not be explained in detail. For example, only
graphs of the pressure distribution where presented. These graphs are shown in Fig, 8. In the years to
come these authors were to publish many other interesting papers on the subject.
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Fig. 8 The results of Deschamps et alll.

The tenth COBEM presented a very good selection of works on turbulence. The highlight here was
the large number of works, nine, devoted to the fundamental aspects of the problem. Half of the twenty
two articles were on experimental techniques; five on two-equation differential models. The most
important contribution to turbulence in this meeting was given by the twin works of Coelho on the
modelling of turbulent jets in cross flow. Some of his results are reproduced in Fig. 9.



A.P.S. Freire et al.: The State of the Art in Turbulence Modelling ... 23

FIGURE 2.2 Models for a jet in & eross-flow: (&) entraining surface;
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Fig. 9 The flow configuration of a turbulent jet in cross flow.

The major conclusion reached by Coelho was that turbulent entrainment and the transport of the
transversal component of vorticity have a strong influence on the dynamics of the mixing layer in the
initial region of the jet. Further considerations on the formation of the wake behind the jet led to two
main conclusions: 1) The deflection of the jet in the near field of these flows is mainly due to
entrainment rather than to pressure drag. 2) The transversal component of vorticity has a strong
influence on the formation of the pair of trailing vortices. inducing a rapid transference of transversal
vorticity into the pair of vortices which is being formed.

In 1990, the third ENCIT had two specific sections on turbulent flow. The biggest contingent of
papers this time was on asymptotic techniques applied to turbulent flow, The emphasis on the
implementation aspects of numerical methods to turbulent flow was also high. The sad news here was
the small number of experimental works. The simulation of incompressible 2D and 3D turbulent flows
by a finite element method performed by Brasil Ir. et al. through the k-& model is presented in Fig. 10,
Two cases were presented in the paper: turbulent backward facing step and annular turbulent jet, Only
the former casc is shown here.
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Fig. 10 The results of Brasil Jr for the turbulent kinetic energy levels.

The 1961 COBEM section on boundary layer theory and turbulence had twelve papers. A very
inleresting work, however, was presented in the section on thermal convection, vaporization and
condensation. The work, due to Yunugihara and Torii, studied the influence of an array of longitudinal
vortices generated by half-delta wings on the heat transfer of laminar boundary layers. Hot-wire
velocity measurements and heat transfer experiments were carried out to evaluate the mechanism of
heat transfer increase. The main conclusion was that arrays of counter rotating longitudinal vortices
present better heat transfer characteristics than co-rotating arrays. Some of the results found by the

authors are shown in Fig. 1.
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The IV ENCIT was not a very good meeting for k-g modellists; only three works on two-equation
differential models were presented from a total of eighteen works. The selected reference for this
compilation, however, deals with the k-& model applied 1o a three-dimensional turbulent swirling flow
in a rectangular duct of large aspect ratio. The results, obtained by Nogueira and Nieckele, show the
effects of the Reynolds number and of the swirl intensity in the flow field, as shown in Fig. 12,
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Figura 5. Desenvolvimento das Velocidades Transversais

Fig. 12 The numerical predictions of Nogueira and Nleckele.

The 1993 COBEM showed a relative balance among the several entries tor the seclions on turbulent
flow. One of the most interesting works was surely the numerical predictions of Kobayashi and Pereira
for the flow over a two-dimensional hill covered with vegetation. The equations of motion were solved
with the aid of an extended x-g turbulence model which included terms due to the drag caused by the
plant canopy. Typical results for the kinetic turbulent energy are shown in Fig. 13.
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Fig. 13 The numerical predictions of Kobayashi and Pereira.

The year of 1994 was very quict. The works on turbulence were again dominated by numerically
oricnted studies, with a clear prevalence of two-equation models. To illustrate this fact. we quote here
the article of Vasconcellos and Maliska. Over the years Maliska realized an important work on the
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development of procedures for the computation of fluid mechanics. The next figure gives the reader a
glimpse of his work. The paper performs a numerical study of the turbulent flow in a bifurcating
channel using a multidomain procedure.

Figure 9: Streamlines for the second geometry

Number Streamlines 1" case Streanlines 24 case
1 1.743 10-? - L0798 107
2 ~7.276 10~* -8.767 10!
4 4.864 10-* ~1.487 10"
k| sS920 10°° 5310 10!
5 -2.502 107! 6.527 1073
§ 5481 107! 2414 1077
T #4607 10-' 5.002 10-*
E 1.035 10° 6675 1077

Table 2: Streamlines - Vig. 5 and Fig 9

Fig. 14 The numerical predictions of Vasconcellos and Maliska.

The XIIT COBEM had 33 entries on turbulent flow. Despite the large number of possible candidates
for our representalive article, the choice here was obvious. In fact, the only work on large eddy
simulation in the history of COBEM's and ENCIT's to date was published in this event. Pinho and
Silveira Neto performed the simulation of a turbulent flow in a rectangular cavity using the sub-grid
Smagorinsky isotropic model and the MacCormack compressible discretization method. The paper
presents pictures of the calculated flow. showing the temporal evolution of the vorticity field. The main
results are shown in Fig. 15.
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Fig. 15 The large eddy simulation of Pinho and Silveira Neto.
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In 1996, forty five articles on turbulent flow were published in the ENCIT proceedings. From these,
fourteen articles dealt with two-equation differential models; a obvious majority. The pick of a
representative paper became then, again, very difficult. One of the articles that really called the
attention of the present authors was the article of Queiroz et al. on the dispersion of contaminants
released in an environment with a known dispersive capacity. Different formulations for the diffusity
tensor were tested which were numerically solved. The results were compared with an exact analytical
solution and with solutions provided by classical integral methods. Results for the local concentration
profiles are shown in Fig. 16.
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Fig. 16 The experimental results of Queiroz.

The feeling of the present authors is that the "turbulence" community has still much to mature. The
high quality of the works presented in the first editions of COBEM were in part due 1o the foreign
supervision of most works. As the number of papers increased and the authors were left to carry out
their own research, the quality started to suffer. The number of people active in murbulence is still very
small and the nucler of most work generated in Brazil easily identified. It is true that the recent
progresses have been remarkable; however, much still remains to be done.

Final remarks

The purpose of this work was left clear at its outset: to give a picture of the present status of
turbulence modelling in Brazil. The strategy for doing this was also clear. We started with a tour on the
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subject, aiming at giving the reader a view aver most approaches to turbulence modelling. Next, after a
short historical recollection, we presented a detailed statistics of all past COBEM's and ENCIT's in
what concerns (urbulence. The critical evaluation of this statistics was left to a separated section. We
must emphatically poinl out that every opinion expressed in this work is the responsibility solely of its
authors. The Brazilian Society of Mechanical Sciences holds no responsability for any judgment or
conclusion upheld here,

During the collecuon of the relevant material, the authors tried to be as careful as possible so as to
avoid the omission of any related work. The task of reviewing all proceedings, however, was very
difficult and time consuming and this may have caused some references not to be spotted, for which we
apologize in advance.

The present personal view on the subject of turbulence must not be taken herc as conclusive. The
authors are surely biased by their own experiences on the field, so that further views on the subject must
be sought by the interested reader.

The general conclusion is that experimental and fundamental studies on turbulent flow must be
stimulated in the future. Also, the mechanical engineering community must seek closer links with the
physics community,

Bibliography generation. There are many ways for formatting bibliographies. The present work
has made extensive use of the LATEX system and the companion program BIBTEX written by Oren
Patashnik. Basically, three .bib files were prepared: class.bib, encit.bib and cobem.bib. These can be
obtained directly from the authors.

Acknowledgments. In writing this work the authors have been strongly influenced by many ideas
of Profs. Leslie Bradbury and Roddam Narasimha; fruitful discussions on the subject have challenged
the authors to always re-think every fundamental aspect of the problem, forcing them Lo carefully
consider every single word laid here: this has left an indelible mark on the final format of the present
work.
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Cited Literature

The cited literature constitutes only a small portion of the texis on the subject, relevant to the
present review. Due 1o lack of space, we have decided to include here only those references essential to
a complete understanding of the text. They form a very short tour on the world of turbulence, being a
small representation of the main lines of thought on the subject.
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Abstract

The purpose of this work is to characterize the different two-phase air-water horizontal flow regimes jointly in time
and frequency. Several tests were performed in an experimental loop which is capable to produce, in a controllable
and stable way. the main horizonial flow regimes. thar is, strarified smooth, wavy and rugged, intermittent. bubbly
and annular. An elecirical conductivity probe way specially developed from a basic geometry, composed of two
parietal rings, The signals obrained with this probe are strongly correlated 10 the flow topology. They were then
transcribed to the nme-frequency plane through the Gabor transform. The results show the ability of the Gabor
transform to reveal not only general uspects concerning the configuration of the flow, but also relarively fine deiails.
as the characteristic structure of the segregation interface in stravified flow, and sub-intermittences related to
couplings berween two dynamic modes in intermirtent flow. Bevond the objectives of this work, the results suggest
new studies o be performed in future work. In this context, time-frequency analysis shows up as a powerful tool, in
special because of the recemt esiablishment of its full theoretical basis, and the development of fast caleulus
algarithms. The conjunction of these elements will result, certainly, in a more profound knowledge of the
phenomenology governing the mechanics of two-phase flows.
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Introduction

A muluphase fluid can flow according to several topological organizations called flow
configurations, regimes or patierns. For instance, the two phases of a gas-liquid mixture can flow
horizontally in a dispersed form (bubbly or spray flow) or segregated one from each other {annular and
stratified flow). In a fluidized bed. the gas flow through the particulate can be so that the fluidization be
homogeneous, bubbly or chaotic, i.e. with the formation of voids without a characteristic form or
movement. The problem associated with multiphase systems concerns basically the behaviour of
macroscopic parameters, such as pressure drop, thermal exchanges and so on, and their strong
correlation with the flow regime, which can change abruptly from one pattern to another. From the
industrial application’s point of view, the security and longevity of equipment and systems can only be
assured when they work according to the flow regime for which they were designed to. This implies not
only the capacity to diagnose flow regimes in real time, but also the possibility of a transition between
them, in order to counteract to avoid it or 10 minimise their effects.

A very interesting example of the potential of this know how is the pumping of high viscosity oils,
situation in which the required pumping power is considerable if not prohibitive. The use of the core
annular flow technique (Oliemans and Ooms, 1986, Duijvesjnv, 1991) allows a very significant
optimisation. This technique consists in adding water to the oil in a way that the flow pattern results
annular, i.c. the water flowing in the external region and the oil flowing in central region of the tube.
The pressure drop due to the friction with the walls is the drastically reduced and, consequently, also
the required pumping power.
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The problem associated with this technique 1s related with the stability of the flow regime under
normal operation conditions when many kinds of perturbation effects can interact, such as the relief or
rapid demand variations. Some empirical techniques have been employed to stabilise the flow regime.
Among them, we can evoke the injection of additional (what reduces the useful capacity of the pipeline)
or the use of chemical products that reduces the oil's viscosity (what results in higher production costs),
It is evident that these solutions are not satisfactory from the operation's as well as from the economic
point of view. An elficient way of solving this transport problem, consists in install a certain number of
intelligent cells which are capable o detect when the annular pattern is destabilising, and © compensate
it by injecting water if the annular film is too thin or removing it if the film is too thick. Thus, it is clear
that the development of this technology has as a fundamental prerequisite the automatic diagnostic of
flow regimes, as well as their transitions.

These facts motivated the seientific community to develop specific instrumentation techniques
adapted to multiphase flows. At the second half of the 70's, several groups were working on the
development of internal parameter measuring systems. as the local void fraction probes based on
resistivity contrasts (Reimann and John, 1978) or optical contrasts (Delhaye. 1983; Danel et al., 1984).
Line, area and volume void fractions were also measured by neutrons scattering (Freitas, 1981), photon
attenuation and impedance variations (Delhave et al., 1987). More recent methods uses acoustic
(Bensler et al., 1991) or chemical techniques (Foucrier, 1996) to measure the interfacial area between
the phases of the flow. Other research work can be referred and an exhaustive review can be found in
the book of Hewilt el al. (1992),

In what concerns the application of signal analysis technigues, there exists a great number of
publications as well. In this context, Hubbard and Dukler (1966) obtained a characterization of several
flow regimes based on spectral unalysis of pressure signals. On can equally mention the work of
Weisman et al. (1979), Vince and Lahey (1982), Matsui (1984), Tutu (1984), Mishima and Ishii (1984),
Sekoguchi et al. (1987) among many others. A very detailed review about this theme and, in particular,
about diagnostic methods in gas-liquid flows, can be found in Drahos and Cermak (1989). However, if
this approach allows the characterization of the flow pattern. the identification of the frontiers between
them lacks objectivity (Vince and Lahey, 1982), and many work has been done to try to fulfil this.

In the context of parametric methods applied to the determination of fractal dimensions, we can
mention the work by Saether et al. (1990), Dhulesia et al. (1991), Franca et al. (1991) e Lewin et al
(1992). Recently, Giona et al. (1994a, 1994b) proposed the use of diffusional analysis as an adequate
regime transition characterization method. An interesting work is the one by Rajkovic et al. (1995), in
which the space-time complexity of pressure signals associated with different flow regimes was
quantified with the help of the proper orthogonal decomposition. Evolulive models were also applied to
this problem, and an interesting reference is Zhang (1993). In spite of the possibilities opened by these
methodologies, they still have 10 be tested in a sufficiently representative database.

In the scope of non-parametric techniques, time-frequency and time-scale (wavelets) analysis were
applied with success to a great variety of scientific and technological problems. Thus, for instance,
Sirovich (1987), Argoul et al. {1989). Liandrat et al. (1990), Elyzgaray et al. (1992) and Farge (1992),
applied this method in the study of turbulence. In medicine, we can mention the work of Senhadji et al.
(1992) — electrocardiogram analysis — and Wood and Barry (1994) — analysis and reconstruction of
tomographic images. We can also find publications of immediate industrial interest, among which
Archambault (1992) — detection of Diescl engine faults — and Leducq and Schlegel (1992) —
predictive maintenance of industrial plants, as well as in economy, physics and numerical calculus.

In what concerns more specifically two-phase fluid mechanics, Hervieu and Leducq (1991)
demonstrated the potential of the wavelet transform to characterise vertical flow regimes. Later,
Seleghim (1993) proposed an objective indicator for the bubbly to slug transition in vertical flow,
based on the gquantification of the loss of stationarity through the standard deviation of Ville's
instantancous frequency. The criterion was then validated in different experimental loops, what
generated the articles by Seleghim and Hervieu (1994) and Hervieu and Seleghim (1995). Finally,
Seleghim (1996) optimised the proposed criterion in the sense of making it universal, i.e. independent
of the transition and of the analyzed signal, and proposed the use of the time-frequency covariance
calculated from the signal's Gabor transform as a new flow regime transition indicator . This last was
validated in a experimental loop where all the horizontal flow transitions were detected by the proposed
indicator.

This work deals with the problem of characterizing the different gas-water horizontal flow regimes.
More specifically, we intend to apply methods of joint time-frequency analysis to signals obtained from
a conductivity probe, in order to show the topological organisation of the flow. As demonstrated by the
results, this methodology allows the access not only to general aspects of the flow, but also to finer
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details such as the topology of the segregation interface in stratified flow or second order intermittence
in slug flow. This being, the basic principles of time-frequency analysis will be presented in the next
section. In the sequel, we will present the experimental apparatus (the test loop and the probe) and the
results. At last, in the conclusions, we will present some suggestions for further developments in this
area.

Time-Frequency Analysis

All joint time-frequency (as well as time-scale analysis) starts from the construction of a two
variahle function capable of identifying the instantaneous spectral composition of a signal. In other
words, for a given time this joint function must be strongly concentrated around the frequencies
instantaneously present in the signal, as in musical notation for instance. There are many different ways
to obtain such kind of joint function. One of them, probably the most classical one, is based on the
concepl of angle between two functions. With the help of an analysing function g, (- ) well located
around an instant 1 and a frequency o, the joint function Px{ t . @ ) can be defined as the scalar product
between g, - ) and the analysed signal x{ - ) :

Pxfrm) 2 (,r‘g,.w) (1)

Assuming that the functions that we are dealing with have finile energy, that is, belongs to the
Hilbert space, the definition (1) can be written as

Faa
Px(t.a) 2 J.rr T )8 of T idT (2)

—a

in which the asterisk indicates the complex conjugation operalion.

The short time Fourier transform, or Gubor transform il g . - ) is a paussian function, can be
obtained by constructing the analysing function from translations in time and frequency of a generating
function gi - ). that is

ol T & gl g=1 8™ (3)

what defines Cohen's class of joint functions (Weyl-Heisenberg group) :

o
Pxit.m) 2 Jxr tlg(T-1)e % dr 4

—=

Analogously, the wavelet transform can be obtained by performing afine transformations
(translations and dilations) on a generating function (also called mother function). Thus we have

el T)E iﬁ?(mr—_r] (5)
Ve, | w,

in which e, corresponds to the central frequency of gf 7). The square root term is necessary to assure
that the functions generated by the transformation (5) are L>-unitary. Hence, we obtain the definition of
the affine class, associated with the affine or "ax+b" group of representations, generated by translations
and dilations, that is :
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e d
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We must mention thal, rigorously, the wavelet transform generates a time-scale analysis since it is
based on affine transformations. However, adopting analysing functions well localised in time as well
as in frequency, what means that the product between Lhe essential duration and band is close to the
Heisenberg-Gabor's limit, it is possible to define a formal relation belween scale and the analysing
frequency and, consequently, transcribe the time-scale plane into the time-frequency plane. This being,
it is clear that we are implicitly assuming that in definition (5) it has been used a well localised
analysing function, as Morlet's wavelet or the progressive version of the Mexican hat for instance.

The Experimental Circuit

As our main objective was to demonstrate the great potential of time-frequency analysis in the study
of two-phase flows, and in the characterisation of their regimes in particular, a series of experimental
test was performed. The test loop is composed basically of an air and a water injection systems, a mixer,
a test section and a separator, as illustrated in Fig. 1. The Plexiglas test is 30 m long and has an internal
diameter of 30 mm. Special supports were designed in order to be dynamically neutral and to absorb
thermal and mechanical stresses. as well as to allow the inclination of the test section (£2%). The
instrumentation includes temperature and pressure transducers, electromagnetic and turbine type
tlowmeters. respectively to measure the water and the air flow rate. Two regulation loops, based on the
PID algorithms, assure the possibility to impose. a priori and independently, the temporal variations of
the flow rate 1o be executed during a transient. The tests corresponding 1o this work were conducted in
permanent regime, that is, the flow rates were kept virtually constant during each essay. [t is important
to say that, in two-phase systems not provided with regulation capabilities, the flow rates tend to
oscillate in a coupled way, even in the absence of external perturbation or commands in this sense.

9§ (12)

1 Ha

(8)

Fig. 1  Experimental loop: (1) test section, {2) conductivity probe, (3) separator, (4) pump, (5) frequency
converter, (6) compressor, (7) servo-valve, (8) turbine flowmeter, (9) loop's driver,
{10) electromagnetic flowmeter, (11) acquisition system and (12) mixer.

The Conductivity Probe

In this work, we chose 1o base our analysis in measurements of the instantaneous conductivity of
the two-phase fluid, since they are strongly correlated with the instantaneous void fraction and,
consequently, with the topology of the flow. However, some conditions for this is to adopt an adequale
geometry of the electrodes, as well as to optimise their dimensions (Seleghim and Hervieu, 1997b). The
geometry of the probe employed in this work is composed of an excitation and a measurement ring
flush mounted 1n the tube, as indicated in Fig. 2. This configuration has already been used by Asali et
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al. (1985) for the measurement of capillary films, and by Andreussi et al. (1988) and Costigan and
Whalley et al. (1997) for the measurement of the liquid fraction in gas-liquid flows.

The measuring principle is based on the difference or contrasts in the electrical properties of the
constituents phases of the fluid. Under this conditions, the impedance between electrodes is a direct
function of the topology of the flow. More specifically, in two-phase flows in which one of the phases
is conductive. the impedance may be reduced to a purely resistive term when the excitation occurs at a
frequency sufficiently high to the contact impedance due to electrochemical phenomena be negligible,
and also low enough to capacitive and electromagnetic effects be virtually absent. In the case of tap
water, with typical conductivities of the order of (0.3 m€)', the appropriate frequency is typically of
some kHz. This being, the problem may be described by electrostatic field equations, that is, Poisson's
equation:

V(oVe)=10 (7)

where @ represents the electric potential and & the local conductance of the fluid. It is interesting to
notice that if the constituent phases are not conductive. as in air-sand flows for instance, the same
measuring principle sull applies provided we make capacitive measurements. In other terms, in this
conditions, the inter-electrode impedance is reduced to a purely capacitive and, consequently, the
governing equation is

V-(sV) =0 (8)

where £ represents the local permitivity. Nevertheless, in spite of the equations be formally equivalent,
the capacitances usually involved are of the order of tenths of pF, requiring then, specific and relatively
complex conditioning electronics. An excellent reference in this subject is the article by Huang et al.
(1988).

ol ]|
109 | e el

20 iy

Fig. 2 Conductivity probe: a diagram of its conditioning electronics

Experimental Testis

Several long duration permanent tests were performed for each family of horizontal two-phase tlow
regimes in the experimental loop described above. The analysed signals correspond to electrical’
conductivity measurements obtained by means of the conductivity probe, which working principle is
schematised in Fig.2. More specifically, for each test, the signal was low-pass filtered to avoid aliasin;;
effects, and subsequently sampled at 20 and 30 Hz up to the maximum memory storage capacity (2"
samples). Table | below shows in details the test conditions. All volumetric flowrates are referred to
atmospheric conditions.

Table 1 Experimental test conditions

Flow Regime Q,, (m'/h) Qpiee (M°/) Duration (s)
Stratified smooth 10 05 546.1
Stratified wavy 30 0.5 546.1
Stratified rugged 60 05 556.1
Intermittent 10 5.0 556.1
Bubbly 5.0 50 556.1

Annular 250 20 B18.2
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Results

The results corresponding to the main honizontal air-water flow regimes, as described in the
preceding section, will be shown in the sequel. In particular, the conductivity signals expressed in Volts
will be presented, as well as their respective normalised Fourier and Gabor transforms (Eqg. (3) with an
analysing function g(t) of the gaussian type). In order to help the interpretation of the results, we will
adopt a classical disposition, which consists in plotting the temporal signal parallel to the time axis of
the joint function and, analogously, the amplitude of the signal's Fourier transform parallel to the
frequency axis. Thus. in the following figures, the normalised amplitude of the Gabor transform appears
coded in grey levels in the central diagram, with black corresponding to 1 and white to 0, The time axis
is in seconds and the frequency axis is in Hz. The amplitude of the conductivity signals {(horizontal plot)
is in Volts and the amplitude of its Fourier transform (vertical plot) is in Vs.

Stratified Flow

In straufied flow the action of gravity predominates over other forces of hydrodynamic nature, and
causes a scgregation between the liquid and the gas phase. The average liquid film height and the
geometry of the interface depends on the physical properties of the constituents and, above all, on the
flow rate relation. Thus, three main groups of flow regimes are habitually defined depending on the
topology of the segregation interface: stratified smooth, stratified wavy and stratified rugged. These
patterns will be discussed in details in the sequel.

Stratified Smooth

Stratified smooth flows are characterised by a segregation interface in which is absent any
significant oscillation. Consequently, the conductivity signal is practically constant as we can see in the
corresponding plot in Fig. 3 (a typical cc signal). Nevertheless, it is possible to detect the presence of
small oscillations of random nature, probably due to fluctuations in the conductivity of the water, or due
to imperceptible oscillations of the interface associated with the turbulence in the gas flow (Re = 7000 -
dynamic coupling). These small oscillations are easily identified in the time-frequency diagram since
they are responsible for the dispersion of the spectral energy towards higher frequencies. This effect can
be observed during almost all the analysed signal segment, but appears in a more pronounced way
between t = 25 and t = 50 seconds.

Fig. 3 Stratified smooth flow (Q,, = 10 m’h e Q.... = 0.5 m’/h, standard conditions). The time-frequency
diagram reveals fluctuations that may be attributed to the dynamic coupling between the gas and the
liquid flow.
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Stratified Wavy Flow

Stratified wavy flows are characterized by the presence of regular or coherent oscillations in the
segregation interface between the liquid and the gas. The energy for the formation and maintenance of
these waves comes, seemingly, from the gas flow. Therefore, the transition between smooth and wavy
flows occurs when the air speed is high enough to destabilise the interface, but sufficiently high to
produce the Kelvin-Helmholtz instability. It is important to say that the mechanics of the formation of
these waves is still not well known. However, it is generally accepted that pressure and tangent forces
must overcome viscous dissipation in order to exist coherent waves,

Stratified wavy flows are easily identified in the time-frequency plane due to the oscillations of the
segregation interface. More specifically, the coherence of the interfuce oscillations results in a
confinement of the spectral energy a band centred around the average wave passage frequency. that is,
approximately 5 Hz, as we can observe in Fig. 4. Another important aspect revealed by the time-
frequency diagram is the sub-intermittence. In other words. from the probe's point of view, the interface
waves succeed themselves in packets that appears in the time-frequency plane as a succession elongated
regions of highly concentrated spectral energy, followed by regions where the energy is more dispersed.
This sub-intermittence is probably associated with a dynamic coupling between the air and the water
flows, and represents interface relaxation periods in which the exceeding energy is absorbed in the
acceleration of the gas flow (Seleghim, 1996).

Fig. 4 Stratified wavy flow (Q,, = 30 m'h e Q... = 0.5 m*/h, standard conditions). The time-frequency
diagram reveals relaxation periods probably related with the accelerations of the gas flow.

Stratified Rugged Flow

Starting from a stratified wavy configuration and increasing the air flowrate at constant water flow
rate, it is possible to observe a sitvation in which the superficial waves loose completely their
coherence, producing an interface with a rugged aspect. It is important to notice that, in spite of
frequently observed in laboratories as well as in industrial plants, the phenomenological causes of this
lost of coherence are still unknown. Regarding the transition mechanism, Seleghim and Hervieu
(1997a) showed that in a suatified wavy situation, the increase of the air flow rate produces the
approximation of the waves without changing their celerity and, consequently, the increase of the
passage frequency. This occurs until a certain limit or transition flow rate, when the waves collapse
themselves giving place to two soliton waves. These last depart in opposite directions at a celerity
greater than the average group velocity associated with the wavy regime. The oscillation comprised
within the two solitons have no geometrical coherence, as can be seen in Fig. 5.
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Fig.5 Picture of the segregation interface in stratified rugged flow (Q., = 60 m’/h and Q... = 0.5 m*h)

This behaviour is wranslated in the time-frequency plane by the loss of the energy confinement in
the band initially associated with the waving frequency. Consequently, the signal assumes a random
like behaviour, as we can observe in the diagram of Fig. 6. We can also notice that the low duration
components, associated to the 0-6 Hz band, tend to predominate over the others. This can be attributed
the frequency of passage of solitons, with celerity contrary to the flow sense, that, when superposed to
the group velocity. produces spectral components distributed almost uniformly in the corresponding
frequency band. In this specific case, it is evident the potential of the time-frequency diagram in
revealing subjacent information concerning both the temporal signal and its spectrum.

Fig.6 Stratified rugged flow {Q,, = 60 m’/h and Q... = 0.5 m'/h, standard conditions). The approximate
uniform dispersion of the spectral energy is a consequence of the random like oscillations of the gas-
liquid interface.

Intermittent Flow

Intermittent flow are characterised by the alternated passage of air plugs and water slugs, which can
be acrated or not. Consequently the conductivity signal oscillates between a higher and a lower level,
associated with the presence of liquid slugs and air plugs respectively. In the last situation the
conductivity doesn't drops to zero due to the presence of u liquid film at the bottom of the tube,
generated by the segregating action of gravity. In this flow configuration, the average intermittence
period depends fundamentally on the ratio between the flow rates, what suggests the existence of
subregimes.

Due to its high spectral energy. the component associated with the intermittence appears in a very
distinct way, not only in the signal and in its spectrum, but also in the corresponding time-frequency
diagram as we can observe in Fig. 7. An important aspect revealed by this time-frequency diagram
concerns once more the presence of subintermittences. [n fact, we can recognise that the air plugs, as
the waves in stratified wavy flow, succeed themselves in bursts or packets followed by brief relaxation
periods. This fact is translated in the time-frequency plane by a modulation of the slugging frequency,
suggesting a dynamic coupling between two dynamics or energetic modes. This corroborates the idea
that horizontal intermittent flow can be interpreted as the alternation between portions of stratified and
bubbly flow,
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Fig.7 Intermittent flow (Q,, = 10 m*h and Q.. = 0.5 m'/h, standard conditions). The time-frequency
diagram reveals the modulation of the slugging period associated with different holdup zones.

Bubbly Flow

Bubbly flow occurs at high flow velocities, when turbulent fluctuations of the liquid are enough to
overcome the forces that maintain the integrity of the air plugs, that is surface tension and buoyancy
forces. Therefore, air flows dispersed in small bubbles with an apparent chaotic movement between
themselves. As a consequence of that, the conductivily signal is also strongly random and, thus, is
characterised in the time-frequency plane by a uniform distribution of the spectral energy, as in the case
of white noise. The conductivity signal, its spectrum and the corresponding time-frequency diagram are
presented in Fig. 8.

Fig.8 Bubbly flow (Q,, =5 m'h and Q... = 50 m*/h, standard conditions), The relative chaotic movement
between the bubbles is translated in the time-frequency plane by an approximate uniform
distribution of the spectral energy, as in the case of a pure random signal.
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Annular Flow

Annular flow occurs when the gas velocity is sufficiently high to pass through the liquid slugs,
forcing the water to flow near the walls of the tube. It is thus a situation proper 1o high gas flow rates
and to segregated phases regime, as in the case of stratified flow. The annular film presents irregular
oscillations in general. In specific flow rates, it can also presents aperiodic annular or ring waves
formed by the deposition of droplets from the high speed core flow. This was in fact observed in the test
presented here.

Figure 9 shows the signals and the corresponding time-frequency diagram concerning the annular
flow reproduced in the tests. Tt is possible to notice the low average conductivity level in this flow
regime, which reflects the fact that the annular film is very thin. Another interesting aspect concerns the
random nature of the capillary oscillations at the interface between the liquid film and the gas flow.
This is effectively the predominating feature in the time-frequency diagram. It is also important to stress
that the annular configuration is particularly not favourable to the probe geometry, For instance, the
spriy llow in the central region of the tube cannot be detected directly, although its important role in the
dynamics of the film interface, as obsefved above. A solution to this problem proposed by Seleghim
and Hervieu (1996), consists in segmenting the measurement ring in order to obtain a vector
conductivity signal. The price to pay is of course the increase in the number of measurement channels.

Fig.9 Annular flow (Q,, = 250 m*h and Q,.,., = 2.0 m*/h, standard conditions). The time-frequency diagram
reveals the passage of ring waves associated with the 1 to 5 Hz frequency band.

Conclusions

The main horizontal two-phase flow regimes were characterised by their conductivity signals and
the corresponding representations in the time-frequency plane. To do thal, several tests were performed
in an experimental loop, and a conductivity probe as well as its conditioning electronics were specially
designed. In addition to this, algorithms for the calculus of the Gabor transform associated with the
conductivity signals provided by the probe were implemented.

The results show clearly the great potential of the time frequency analysis method, not only in
revealing general aspects about the flow, but also relative fine details concerning the topology of the
constituent phases. Thus for instance, the phenomenology associated with several stratified flows was
identified in a very neat way, as well as subintermittences in stratified and intermittent flow. This and
some other aspects inferred from the results suggest a series of new studies to be conducted in future
work. Among them we stress:
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e the development of new two-phase flow models that take into account possible
subintermittences and their effects in terms of global parameters (pressure drops, heat
exchanges, etc.)

e the specialisation of the probe geometry aiming its application in annular or stratified flows
with thin liquid films

= detailed investigation of the transition phenomenology between stratified wavy and stratified
rugged flow

For this, as well as for other studies in the mechanics of two-phase flows, time-frequency analysis

appears as a great potential tool. And the field is open.
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Abstract

In this paper we use the Conjugate Gradient Method with Adjoint Equarion in order 1o estimare the transient wall
heat flux to a Power-Law fluid in a parallel plate channel. Simulated transient temperature measurements of a single
temperature sensor are wsed in the inverse analysis. The effects on the solution of sensor position, power-law index
und randor measurement errors are examined.

Keywerds: Non-Newtontan Fluid, Parallel Plate Channel, Inverse Problem, Conjugare Gradient Method whith
Adjoini Equation.

Introduction

The Direct Convection Heat Transfer Problem, involving hydrodynamically developed forced flow
in a parallel plate channel, is concerned with the determination of the temperature field of the fluid
inside the channel. The imital, entrance and boundary conditions, as well as the fluid physical properties
are required, so that such direct problem is well-posed, that is, its solution satisfies the requirements of
existence, uniqueness and continuous dependence on given conditions (stability). On the other hand, an
Inverse Convection Heat Transfer Problem is concerned with the estimation of at least one of the
quantities required for the well-posedness of the direct problem. Inverse problems are mathematically
classified as ill-posed. Although the existence of a solution of an inverse problem can be assured by
physical reasoning. it usually does not satisfy the requirements of uniqueness and stability.

The papers available in the literature on the solution of inverse convection problems have generally
dealt with internal forced convection of Newtonian fluids (Huang and Ozisik, 1992, Raghunath, 1993,
Bokar and Ozisik, 1995, Machado and Orlande,1997), with few exceptions (Li et al.; 1995, Machado
and Orlande, 1996, Zabaras and Yang, 1997). In this paper. we study the solution of an inverse problem
involving the flow of a non-Newtonian fluid in a parallel plate channel. The unknown transient wall
heat flux, which is supposed 1o be uniform along the channel, is estimated by using the transient
temperature measurements of a sensor located inside the channel. The fluid flow is considered to be
laminar and hydrodynanucally developed, while the fluid is assumed to follow the generalized
constitutive equation for the shear stress with the viscosity function given by the Power Law (Bird et
al., 1960).

Faor the solution of the present inverse problem, we use the Conjugate Gradient Method with
Adjoint Equarion. This is a powerful and straightforward iterative method, which can be applied to
function and parameter estimations, as well as to linear and non-linear inverse problems (Jarny et al.,
1991; Huang and Ozisik, 1992; Alifanov, 1994; Bokar and Osizik. 1995; Dantas and Orlande, 1996;
Machado and Orlande. 1996, 1997, and Orlande et al., 1997).

We use simulated measurements in order to assess the accuracy of the conjugate gradient method
with adjoint equation, as applied to the solution of the present inverse problem. The effect of the
position of the temperature sensor on the solution is examined in order to design optimized experiments
for Muids with different power-law indexes. Some computational aspects of the solution of the present
inverse problem are also addressed on the paper.

Direct Problem

The physical problem considered here is the laminar hydrodynamically developed flow between
parallel plates of a non-Newtonian fluid with constant properties. The inlet temperature is maintained at
a constant value 7; . The plates are subjected to a transient heat flux, as Ulustrated in Fig. 1.
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Fig. 1 - Physical Problem

By taking into account the symmetry with respect to the x-axis and neglecting conduction along the

flow direction, the mathematical formulation of this problem in dimensionless form is given by:

ar aT d’r in O<y<lx>01>0 (l.a)
Uy} ——= =
8 ! (; X (; .\“'
Q-T-:O at y=0x>0,1>0 (1.b)
ay
i'[:qm at y=1Lx>0,1>0 (l.o)
dy
T=0 at x=00<y<lt>0 (1.d)
T+0 fort=0.0<y<lx>0 (le)
where the following dimensionless groups are introduced:
— Nomenclature
d = direction of descent given u(y)= velocity profile given by ¢ = tolerance for the stopping
by Eq. (5.b) Eq. (2.e) criterion obtained with
J = functional defined by X,y = spatial variables Eq. (16)
Eq. (4) % = length of the channel Yy = conjugation coefficient
J'" = gradient of the functional test-section given by Eq. (5.¢)
given by Eq. (14} Y = measured temperature A = Lagrange Multiplier,
n = power-law index solution of the adjoint
q(t) = wall heat flux Greeks: problem (10)
S = number of sensors AT = sensitivity function, Subscripts:
T = temperature solution of the sensitivity i = refers to the sensor
t = time variable problem (6) number
t, = duration of the B = search step size given by Superscripts:
experiment Eq. (7.b) k number of iterations

= dimensional quantities

F
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A X T Rz o (2.a-d)

*
L

o and & are the fluid thermal diffusivity and conductivity, respectively, w* is the channel half-width,
i’y is the mean fluid velocity and ¢; is a constant with units of heat flux. The wall heat flux is written
as

g (1) =g,q(1) (2.€)

where q(t) is a dimensionless function of 1. The superscript **"" above denotes dimensional variables,
The fluid is assurned to follow the generalized constitutive equation for the shear stress, with the
viscosity function given by the Power Law model. It can be written as(Bird, 1960):

{ K’J"" (3.a)

where 7 1s the shear stress, K is the fluid consistency, y is the strain rate and n is the flow index. The
dimensionless velocity u(y) is given by (Bird, 1960)

[ = * '” 3b
= 1 Lx ): 14 2n =2} (3B)
A u:n 1+n "5*

The direct problem given by Eqgs. (1} is concerned with the determination of the temperature field
of the fluid inside the channel, when the boundary heat flux g(t) at y = 1 is known.

Inverse Problem

For the inverse problem. the heat flux (1) at y = 1 is regarded as unknown and is to be estimated by
using the transient readings of § temperature sensors located inside the channel. The readings are taken
up to a final time r and the sensors are located within the fength of the test section x;.

The solution of such inverse problem is obtained by minimizing the following functional,

# :
Jg@ =1 S AT,y tq1-Y (0 F dr o)
i=1

where Y, 1s the measured temperature at the sensor location (x,¥,;) inside the channel and T{x.v.t;g(1}] is
the estimated lemperalure al the same location. Such estimated temperature is obtained from the
solution of the direct prablem given by Eqgs. (1). by using an estimate for the unknown heat flux g(t).

The minimization of the functional given by Eq. (4) is obtained by utilizing the conjugate gradient
method, as described next.

Conjugate Gradient Method of Minimization

The iterative algorithm ot the conjugate gradient method, as applied to the estimation of the
unknown heat flux g(¢) is given by (Jarny et al., 1991, and Alifanov, 1994):
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k+1 ks k & ;
g (=g (H-B"d (1) (5.2)

where the superscript “k” denotes the number of iterations.
The direction of descent d'(i) is obtained as a conjugation of the gradient direction and of the
previous direction of descent as:

d*(n=r1g" 01+ ) (5.b)
where the conjugation coefficient is obtained from the Fletcher-Reeves expression(Alifanov, 1994):

I”n,[:f—.o{']’[qk ()]} 2 drdx

[ g ™ o Pdrds

(5.¢)

PE fork =123, withy'=0

In order to 1mplemenl the iterative algorithm glven by Eqs. (5), we need to develop expressions for
the search step size p* and for the gradient direction J'[g*(t)] by making use of two auxiliary problems,
known as the sensitivity problem and adjoint problem, respectively.

Sensitivity Problem and Search Step Size

The sensitivity problem is obtained by assuming that the heat flux q(t) is perturbed by an amount
Agft). Such perturbation in the heat flux causes a perturbation AT(x,y,#) in the temperature T(x,y.1). By
substituting Ttx.y.t) by T{x.y.t) + AT{x,y,t) and g(t) by g(t) + Ag{t) in the direct problem given by Egs.
(1), and by subtracting from the resulting expressions the original direct problem, we obtain the
following sensitivity problem for the determination of the sensitivity function AT{x,y.1):

d AT JAT 5 AT mo<y<hax=>01>0 (6.u)
——Fali—
dr dx (?\'
dAT _. at y=0,x>0t>0 (6.b)
Jdy
d AT at y =

= Ag(1) at y=1Lx>01>0 (6.c)
dy
AT =0 alt x=00<y<it>0 (6.d)
AT =0 for1=0,in0<y<f x>0 (6.e)

An exprev.%mn for the search step size B is obtained by minimizing the functional given by Eq. (4)
with respect to B, that is,

5
min J[g* ! (1) = min [/ N [T(x.v,,0:4" = Bra* ) - ¥, () Par (7.4)
s =
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By linearizing the estimated temperature T(x, v, . ¢* - f'd") and performing the minimization
above, we obtain the search step size as:

T: =Y )AT, d*ydt
,B’f L) J-r Uzl ) [ } ('}'b)

I3, 18T o

where ATyd*) is the solution of the sensitivity problem at the sensor position (x;y;), obtained from Eqgs.
(6) by setting Ag (1) = d* (1),

Adjoint Problem and the Gradient Equation

In order to obtain the adjoint problem, we multiply the differential Eq. (1.a) of the direct problem by
the Lagrange multiplier A{x,y,t) and integrate over the time and space domains. The resulting
expression is then added 1o Eq. (4) to obtain the following extended functional:

&
Haon=[ 1" | { 70,y =Y OP O x =0 (y = 3y N

a P R
{f}fﬂ(}‘)ﬁz —;ﬂ "L(x.y,!)}dydxdr
x ¥

where &(#) is the Dirac delta function.

We assume that the extended functional gwen by Eq (R) is perturbed by an amount Al[q(t)], when
the heat flux g(f) is perturbed by Ag(r). An expression for the variation Af{g(t)] is obtained by
substituting J{g(t)] by Jfg(t)] + Alfg(t)] and T(x,y.t) by Tixy1) + AT{x,v,¢) in Eq. (8), and by
subtracting the original Eq. (8) from the resulting expression. After neglecting second order terms we
obtain,

§
nawn=[" {7 | { TIAT VAT (x =5y - yi)
©)

AT dAT @%AT
2 AT - & 2
+l £ +ufv) 3y 5.v2 (x,y.0) rdydxdt

The three terms involving derivatives inside brackets above are integrated by parts with respect to ¢,
x and y. respectively. The boundary and initial conditions of the sensitivity problem, Egs. (6.b-e), are
substituted into the resulting expression, which is then allowed to go to zero. The vanishing of the
integral terms containing A7{x,y.+) results in the following adjoint problem for the determination of the
Lagrange Multiplier A (x,y.1):

aA dA 31 S
Bals s I : 2N -V)¥8(x - x:38(y— v, )=0
31 (Ja ay +;§|( YO (x—x;)0(y—y;)=

in0<y<l,0<x<x;,0<t<ty (10.a)
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94 wysg, TR YISy (10b)
dy
ﬂ:g aty=10<x<xs,0<1<1y (10.c)
dy
A=0 at x=x7r 0< y<1, 0<t<ty; (10.d)
A=0 fﬂrf=f((}¢:_\'<l.(}<x<xf (10.e)
Finally, in this limiting process. the following integral term is left:

. AT (1
A=~ [ _ Axl.0)dx Aq(t)dt

By assuming that g(z) belongs 1o the space of square integrable functions in O<t<t;, that is,

v
JLoF i<~

we can write (Alifanov, 1994)

AJlg@)=[7 7 la)agl)ar (a3

By comparing Egs. (11) and (13), we obtain the following expression for the gradient of the
functional

2la@l==]. L, Axd.1)dx (14)

After developing expressions for the search step size B* and for the gradient direction J'[q(t)], we
can 1implement the iterative algorithm of the conjugate gradient method given by Eqgs. (5), until a
stopping criterion based on the discrepancy principle described below is satisfied.

Stopping Criterion

We stop the iterative procedure of the conjugate gradient method when the functional given by Eq.
(4) becomes sufficiently small, that is,

Jg* )<e (15)

If the measurements are assumed to be [ree of experimental errors, we can specify € as a relative
small number. However, actual measured data contain experimental errors, which will introduce
oscillations in the inverse problem solution, as the estimated temperatures approach those measured.
Such difficulty can be alleviated by utilizing the Discrepancy Principle (Alifanov,1994) to stop the
iterative process, where we assume that the inverse problem solution is sufficiently accurate when the
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difference between estimated and measured temperatures is less than the standard deviation (o) of the
measurements. Thus. the value of the tolerance € is obtained from Eq. (4} as

_ 2
e=80 Ly (16}

Computational Algorithm

Suppose available an estimate g'(t) for the unknown heat flux g(¢) at iteration &. Thus:

STEP |: Solve the direct problem given by Eqs. (1) to obtain the estimated temperatures T(x,v.7);

STEP 2; Check the stopping criterion given by Eq. (15). Continue if not satisfied:

STEP 3: Solve the adjoint problem given by Egs. (10) to obtain the Lagrange Multiplier A(x,y,1);

STEP 4: Compute the gradient of the functional Flg*] from Eq. (14);

STEP 5: Compute the conjugation coefficient ¥ from Eq. (5.c) and then the direction of descent d*
{t) from Eq. (5.b):

STEP 6: Solve the sensitivity problem given by Egs. (6) to obtain AT(x,y.1) by setting Ag(t) = d*(1);

STEP 7: Compute the search step size B* from Eq. (7.b);

STEP 8: Compute the new estimate ¢*(r) from Eq. (5.a) and go to step 1.

Results and Discussion

For the results presented below, we have taken the dimensionless final time and length of test-
section respectively as £, = 0.08 and x,= 8 x 10™*. For the flow of a solution of pulp of paper in water at
4% (n = 0.575) (Bird, 1960), at the mean velocity «*, = 0.0105 m/s, through a channel of half-width w*
= .02 m, such dimensionless values correspond to x* = 0,10 m and £* = 200 s,

The direct, sensitivity and adjoint problems were solved with finite-differences by using an upwind
discretization for the convection term and an implicit discretization in time. The domain was discretized
with 101 x 81 points in the x and y directions, respectively, while 41 time steps were used in the time
domain. Such number of points were chosen by comparing the results obtained with the direct problem
for a constant heat flux, g(t) = 1, with benchmark results available in the literature for the local Nusselt
number (Cotta and Ozisik,1986). The agreement between the two solutions was better than 1%.

The linear system resulting from the discretization was solved iteratively by using Gauss-Seidel’s
method with SOR and red-black reordering (Ortega, 1988). Such approach allowed for the vectorization
of the computer code on vector-supercomputers and resulted in a speedup of approximately nine times
over a scalar version of the same code, on the CRAY J90 at COPPE/UFRI,

By examining Egs. (10.e) and (14), we notice that the gradient of the functional is null for the final
time t;. Thus, the initial guess used for ¢(t,) is not changed by the iterative procedure of the conjugate
gradient method. In order to avoid such difficulty, we have used as initial guess at the final time the
exact value for (1), which is assumed to be known a priori, A null heat flux was used as initial guess
for other times. We loose no generality with such an approach since we can choose a sufficiently large
final time, so thal the initial guess has no influence on the solution in the time domain of interest.

We use transient simulated measurements of a single sensor in order to assess the accuracy of the
present approach of estimating the unknown wall heat flux g(¢). The simulated temperature
measurements are obtained from the solution of the direct problem for a specified function g(1). The
temperatures computed in this manner are considered to the errorless, and the simulated measured data
is given by:

Y=Y, +ao (17

where Y., 1s the solution of the direct problem: o is a random variable with normal distribution, zero
mean and unitary standard deviation; and © is the standard deviation of the measurements.

By examining the accuracy of the inverse problem solution, we can estimate the optimum location
for the single sensor used in the inverse analysis. Figure 2 shows a comparison of the inverse problem
solutions for errorless measurements (o = () obtained with the sensor located at five different locations
and for n = 0.575. The step function was chosen for this comparison because discontinuous functions
are the most difficult to be recovered by an inverse analysis. We can notice in Fig. 2 that accurate
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solutions can be obtained with the sensor at the five different locations tested. We present in Table I the
RMS error for such solutions. The RMS error is computed as

1 [N 18
ERMS = f;’ IZI[(IH (fr'-’_qr,n‘{ri }]2 a%
=

where N is number of measurements used in the inverse analysis, while g.(#;) and q..(t;) are the exact
and estimated heat fluxes, respectively, Table | shows that the sensor location x/x;= 0.8 and y = 0.95 is
the best among those tested. The solution deteriorates as the sensor is moved away from the boundary y
= { or towards the channel inlet, that is, to regions near the edge of the thermal boundary layer, where
the measurements are less affected by the wall heat flux.

2.5
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Fig. 2 Effect of sensor position on the solution for errorless measurements (o = 0) and n=0.575.

Table 1 RMS error (epus) for different sensor locations

Sensor Location  epus
X% b
0.2 0.95 0.0276
0.5 0.95 0.0168
0.8 0.95 00114
0.8 0.90 0.0221
0.8 0.85 0.0489

Figure 3 shows the results for different power-law indexes obtained with errorless measurements
(o = 0) for a sensor located at 2/x, = 0.8 and y = 0.95. It can be noticed in this figure that accurate results
were obtained, irrespective of the power-law index of the fluid inside the channel, including the case of
n=1 (Newtonian fluid).
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Fig. 3 Effect of the power-law index on the solution for errorless measurements (c =0) .

Figures 4-6 show the results for a sine, triangular and step variation of the transient heat flux,
respectively, for measurements with different levels of errors, including 0 =0, 6=0.01T,,, and a
=005 7,., where T, is the maximum temperature measured by the sensor. The sensor was located at
o/x, = 0.8 and v = 0.95. The power-law index was taken as n = 0.575, These figures show that the
present approach is capable of recovering functions with sharp corners and discontinuities. Also, the
inverse problem solution appears to be stable with respect to measurement errors. Note in these figures
that the inverse problem solution is reasonably accurate, even for large measurement errors involving a
standard deviation o=0.05 T,,..
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Fig. 4 Inverse problem solution for different levels of measurement error . Sine variation for q(t).
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Fig. 5 Inverse problem solution for different levels of measurement error. Triangular variation for q(t).
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Fig. 8 Inverse problem solution for different levels of measurement error. Step variation for g(t).
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Conclusions

The inverse problem of estimating the timewise variation of the wall heat flux to a non-Newtonian
fluid in a parallel plate channel, was solved by using the conjugate gradient method with adjoint
equation for function estimation.

We have used in the inverse analysis the measurements of a single sensor. Five different locations
were tested for such sensor, by examining the accuracy of the inverse problem solution obtained with
simulated measurements. Among those tested, the location x/x, = 0.8 and y = 0.95 yielded the most
accurate results and was then used throughout the paper.

The inverse problem solution appears to be insensitive to the power-law index of the tluid flowing
in the channel. Also, the present function estimation approach is stable with respect fo random
measurement errors, even for functional forms containing sharp corners and discontinuities, which are
the most difficult to be recovered by an inverse analysis.
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Abstract

An algorithm to numerically simulate 3-D compressible flows is presented in this werk. The flow domain is
discretized using the finite element method (FEM) with four nodes linear tetrahedra elements employing mixed
structured-unstructured meshes. The governing equations for non viscous fluids (Euler equations) and viscous fluids
{Navier-Stokes equations) are considered. Time integration is performed using the explicit twe step Tavlor-Galerkin
scheme. An artificial viscosity model is included in order to obtain numerical stabilization. Facilities arising from
vecronal processors existing in modern supercomputers are also used. The results obtained in this work show a good
agreement with those ones presented by other authors.

Keywords: Three Dimensional Compressible Flows. Numerical Simulation, Finite Elements

Introduction

Computational Fluid Dynamics (CFD) has become a subject of increasing importance in the last
three decades. The rapid rate of developments in computer technology and improvements in the quality
of numerical algorithms are the main factors underlying the flowering of CFD. Other reasons such as
the potential of CFD 1o deal with "real word" phenomena that cannot be reproduced adequately by
physical model tests, and the fact that CFD 1s becoming more economical with respect to experimental
works as time goes by, have also contributed to this tendency.

Even though Finite Differences and Finite Volumes have been traditionally employed in CFD, the
Finite Element Method (FEM) has become an efficient alternative technique to analyze Fluid Dynamics
problems, since Zienkiewicz and Cheung (1965) published their first work in this field.

The success of the finite element method in Structural Mechanics (Zienkiewicz and Taylor, 1989,
1991) was later extended to Fluid Mechanics, This associated to its ability to deal with arbitrarely
mixed subdomains (of fluid and solids), converts this technigue into a versatil computational tool also
capable of analyzing fluid-structure interaction problems (Santos and Awruch, 1995},

The main objectives of this work are the development of the finite element formulation and
application of a numerical algorithm to simulate three-dimensional compressible flows. Facilities given
by vectorial processors existing in modern supercomputers will be employed. Four noded tetrahedra
elements are used for space discretization because they are very suitable in problems with complex
geometries or involving strong shocks and high gradients of the field variables and are also very
propitious for code vectorization. Time integration is accomplished using the explicit two step Taylor-
Galerkin scheme (Donea, 1984; Léhner, Morgan and Zienkiewicz, 1984) in which the governing
equations are expanded in time by Taylor series. Space discretization is carried out using the classical
Bubnov-Galerkin scheme. This approach may be interpreted as the finite element version of the Lax-
Wendroff scheme used in finite differences (Richtmeyer and Morton, 1967).

In order to stabilize numerically the solution in the presence of strong shocks, it is necessary to add
numerical damping to the flow solver. Two main possibilities may be employed: the flux corrected
transport methods (FCT), as presented by Lohner (1988), and the artificial viscosity model, as given by
Argyris et.al. (1989). In this work, the last alternative is adopted because of its simplicity and efficiency
in terms of CPU time.

Finally, it is shown that when adaptive meshes are not used. it is convenient to employ a mixed
structured-unstructured mesh in order to obtain reliable results. Previous works using mixed structured-
Manuscript received: March 1997. Technical Editor: Leonardo Goldstein Jr.
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unstructured meshes were presented by Nakahashi and Obayashi (1987) and by Weatherill (1990).

Numerical Formulation

The governing equations

In an Eulerian description the system of partial differential equations governing fluid dynamics
problems is given by

@-‘_ —a_‘h’l =

5 o (4] {i=1.2.3) in 02 (1}

a(Pw:}_" dpviv; dp dajj

+ —§;;— — =0 (Lf=123) in 2 (2)
o a, dxj : o
d(pe) dpev; I a af ar
o e B g S ey e T I et
o om ey a.x,( i 2l K ax; A
3

where v are the fluid velocity components, p is the specific mass, p is the thermodynamic pressure, G
are the components of the viscous stress tensor, T is the temperature, € is the total specific energy, k aré
the thermal conductivity tensor components, §, is the Kroenecker delta, and £ is the domain, x and { are
the spatial and time coordinates respectively. ;

For a newtonian fluid, the viscous stress components are given by

H; M, v ;g
e T g A TE 5 k=123 4)
oy H[ By &_!_] T O g ) {

where | and A are the shear and the volumetric viscosities respectively.
The state equation can be written as

——Nomenclature
¢, = pressure coefficient [ = dimensionless time € = dimensionless total
C, = specific heat coefficient at coordinate specific energy
constant pressure T = temperature = GGy
C, = specific heat coefficiental v = fluid velocity vector % = volumetric viscosity
constant volume ' components i = shear viscosity
Fr = matrix of flow variables #; = dimensionless fluid ~ o = components of the
k, = components Of_tfje velocity vector " viscous stress tensor
thermal condutivity tensor components p = specific mass
R L V = vector of field variables P = dimensionless specific
L o RS x = spatial coordinates mass
p = dimensioniess x; = dimensionless spatial
thermodynamical coordinates
pressure

£ = total specific energy
time coordinate

.
]
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I
p=(r- !)p( &= SV v,-] (i=1,2.3) )

where y=CJ/C.; C, and C, are the specific heat coefficients at constant pressure and volume
respectively,
The temperature is related to the independent field variables by the following expression:
!
Cy

=

( ol %\Jr—‘w} (I =!,2,3} (6)

Equations (1) to (6}, together with the initial and boundary conditions, uniquely define the problem.
The governing equations muy be writlen in matrix form as

vV
g (i=123)inQ (7

o

where ;= g4 + Fip and

)
P Py
Py prvivitpdy b
V=9pvzr Fuu=Pv2vitpd: Fip= o i (8)
pvi Pvivit péiz LEL or
pe vi(pe+ p) ~ oy~ Ry
; j

In expression (8). V contains the field variables and F the respective flow variables (F, contain
convective and pressure terms and F the viscous terms).

The motion of a non viscous compressible fluid is governed by Eqs. (1), (2) and (3), without the
diffusive terms F .

The algorithm of this work uses dimensionless variables given by

RS, 9)
Xref | Vref

7= (10)
Xref

= —i (11)
Vref

T (12)
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p= _"2- (13)
pf‘(f vrej

s (14)
Vief

where x,.0 \cper P,y are arbitrary reference values of x,, v, and p respectively.

The Explicit Two Step Taylor-Galerkin Method

The Taylor-Galerkin method consists in the application of the classical Bubnoy-Galerkin technique,
after the expansion in time by Taylor series of the governing equations (Donea, 1984). The two step
Taylor-Galerkin scheme (Lohner, Morgan and Zienkiewicz, 1984) is applied in this work, In the first
step, values of the field variables V are computed at time t  (t+At/2), taking values of V at t, and
expanding Eq. (7) in Taylor series, resulting in =

yre 12 oyn_ 1 5 OFF

{i=1.2,3) (15)
2 o

where At is the adopted ime interval.
Flux and field variables are approximated by

Vi) VING S FI= Y FIN;L v =Yyt pg (16)
/ / £

with i=1,2,3 and j=1,2,34. In (16), N, is the shape function associated to node j and P_is a constant
function associated with element E. '
The application of the Bubnov-Galerkin method to (15). results in

Qevy 2= j N;PpdQ

i Qe Qg

/ aN
vi- 392, 3w
¥

i=123; j=1.2.34 , (17)

where Qg is the volume of element E,
In the second step, V- (V at time t ) is determined by expanding Eq. (7) in Taylor series, obtaining
the following expression i

) 2
a’.?* 1/

vt ;=V"—AJ
ax,;

(i=1.2.3) (18)

The following approximations are used, for the variables involved in (18):
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V””EZV'}""NJ : Ff”’zEZF’;;””PE ; V"*"”EZV"E”’EPE
j £ E

i=1.23 e j=12.34 (19

Applymg the Bubnov-Galerkin method to (18), with the approximation given in the Eq. (19), nodal
values of V"™’ are obtained by solving

MVyv™i=M v"+ R+ S @0

where

M:EU NN ;dS2
i\ Sk

(21

R=mZI '?N*pgdn 172 (22)
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E

Juni pgdr] F (23)
e

with i=1.2,3 and j=1,2,3.4. In expression (23), the surface Tz is the boundary surface of the volume
Qg and [ is the component of the outward normal vector to T in the x; coordinate direction.

The values of #%+//2 in expressions (22) and (23) are calculated with values of vt | abtained
in the first step. For the surface integral in expression (23), the following approximation is used
(Argyris, Doltsinis and Friz, 1989):

n+]/2 n+1/2 _

Fis = Fis"+ F; F" (i=1,23), (24)

where index "S" is referred to houndary values of the field variables,
Equation (20) is solved explicitly using an iterative scheme, as proposed by Argyris, Doltsinis and
Friz (1989). The final expression is

MLV =M v+ R+ S (M - M)V (25)

where index & indicates the iteration number, and A ; the lumped mass matrix.

Since an explicit scheme was adopted, the Courant stability condition must be satisfied and,
consequently, the local time interval At_for element E must be less or equal with respect to a critical
value given by

(26)
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where v is the fluid velocity, ¢ is the velocity of sound propagation, h_1s a characteristic dimension of
element E and B is a safety factor.

Boundary Conditions and Artificial Viscosity

In non viscous fluids, rigid bodies do not allow flow velocities normal to the body, and this
condition must be considered in vector V at t=0. Consequently, normal components of the velocity
vectors are eliminated in the iterative process described before. In the case of a viscous flow over a
body, the medium sticks 1o the surface of the body and the normal and tangencial velocity components
must be supressed. In addition, the temperature value on the surface of the body is required and
provides a Dirichlet condition for the total specific energy e via expression (6), but the conservation
quantity pe is still a variable.

In problems where a clear distinction can be made between inflow and outflow boundary conditions
(as is the case when the entire boundary is in supersonic regime, for example) the conservation
variables can be prescribed at the inflow boundary in accordance with the far-field values. whereas they
are left free to vary at the outflow boundary. Where the distinction between inflow and outflow is not
possible, characteristic boundary conditions can be applied for both viscous and non viscous flows. In
the case of viscous flows, it is assumed that the flow is free of viscous effects in the far-field. The
procedure to determine the number of Dirichlel boundary conditions is presented in the next section.

In order to stabilize the solution numerically, specially in the presence of strong shocks, it is
necessary to add numerical damping to the flow solver. As was mentioned before, an artificial viscosity
model, as proposed by Argyris et al. (1989), is used due to its simplicity and efficiency in terms of CPU
time. An artificial viscosity is added to the non-smoothed solution, as follows

Vi o =Vai tM7'D 2N

smooth

where V';;fwh and V , are the smoothed and non-smoothed solution at t_ , respectively.
The vector D is given by

D= ZCFL&'C Sk (M-Mm], Vi (28)
E
where E is an index referred to a specific element, C,;; is the local Courant number, C is a constant

specified by the user, S¢ is a coefficient of pressure distribution, computed as a mean value of nodal
values S, of the element and defined by the expression

el

(29)
I(M M; PI

The constant C in expression (28) must be carefully specified, in order to avoid interferences of the
artificial and physical viscosities. However, small variations of this constant (5 < C < 15) do not
modify significativelly the obtained results.

Procedure to Determine the Number of Dirichlet Boundary Conditions.
Characteristic Relations

Euler equations may be written in compact form as

aV IFi
—4+ —=10 i=1.2.3), 30)
H . i 4 ) (
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where V contains the conservation variables and F the flux components, which are linear and
homogeneous funtions of V. '
Applying Euler's theorem for homogencous functions, F may be written as

dFy _ 4y (31)

A

or, considering the normal direction
F,=Fn=4A;nV=AYV (i=1.2,3) (32)

where n is the outward normal vector to the boundary surface.
Matrix A, can be transformed into a diagonal form, as indicated below

L=S1A,8=[a] - (33)
where A, is a complete set of real eigenvalues, given by
Ar= Az= Az= vini=vpt A4= At €L As= Ay— ¢ (34)

In (34), v, is the normal component of the velocity and ¢ is the local velocity of sound propagation.
The transformation matrix S may be written as a product of two matrices (Hughes and Tezduyar,
1984)

S=QR (35)

For the 3-D case, Q, R and their inverses are given by

[ 0 ] 0 0]
v/ P 0 0 0
Q3 vz 0 P 0 ] (36)
vi (4] 0 P 0
F 1
Z¢ PN BV PV
L ¥
[ 0 0o 0]
e ! 0 0 0
P P
Vo !
Q.f ol P F ( E 7] ] (37]
- X 0 0 Ly
p g
I= 4 = - - =
= A M YNr = Yy — ¥z Y
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= - 3 ? n =
where y=y— 1. v?= v§+ v§+ v; and {k} € R" are components of a unit vector & equal to the

outward normal vector n .
Separating positive and negative eigenvalues, matrix L. may be written as

L=ft+] = -_%[ L+ |L

!
| +E[L— L)) (40)
Splitting A,, using expression {33), results in
A= § L 8= s [L*1+ Ls7= a3+ a5 (41)

‘ with

A=s5ary (42)
Substituting (41) in (32), the normal flux vector can be written as

Fa= 45 V+ A7 Ve (43)
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Application of (43} to the normal flux in the boundary integral indicates that information leading
the flow domain is determined as a result of computations (first term in the right hand side of (43)).
while information propagating into the flow domain is prescribed according to the far field conditions
(last term in the right hand side of (43)).

Numerical Applications

Supersonic Flow Past a Sphere

A supersonic flow (with Mach=8.15) of a non viscous compressible fluid past a sphere was
considered. Only a quarter of the sphere was taken inlo account due to geometrical symmetry.

The normal component of the velocity was supressed at the surface of the sphere and at the planes
of symmetry.

The far-field flow has the following dimensionless properties:

Po=14.  $.=(81500). E.=349970

o0

These values were adopted as initial conditons, except at the surface of the sphere, where the
velocity vector must be tangent to this surface.

Three types of meshes were used: (a) A structured mesh with 12420 nodes and 61740 elements; (b)
an unstructured mesh with 15761 nodes and 83000 elements; (¢) a mixed structured-unstructured mesh
with 11086 nodes and 52732 elements.

The structured mesh is shown in Fig, 1. The domain is contained between two spherical surfaces
with dimensionless radius 1.0 and 11.5 respectively and the planes of symmetry xy and xz. The
dimensionless time step is Ar =6.0x10 and a damping constant C=5.0 was used in expression (28).
Steady state was reached for 1 =2.4,

Values of the dimensionless specific mass obtained in the present work and those obtained by
Argyns, Doltsinis and Friz (1989) are shown in Figs. 2 and 3, respectively.

It can be observed some differences in the results obtained by Argyns, Doltisinis and Friz (1989)
and those obtained in the present work, where a structured mesh was used. Differences are more
significant at the points of confluence of all regions in which the mesh was divided, and also in the
proximities of these points.

(a) gt ach (b)

Fig.1 Structured mesh to analyze the flow around a sphere. (a) General view: (b) Detall of the frontal region
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Fig. 2 Values of the dimensionless specific mass obtained with a structured mesh
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Fig.3 Values of the dimensionless specific mass obtained by Argyris, Doltsinis and Friz (1989)

The unstructured mesh is shown in Fig. 4. The domain is contained between two spherical surfaces
with dimensionless radius 1.0 and 11.45, respectively, and the planes of symmetry xy and xz. The
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values of the dimensionless time-step and of the damping constant were At =2.0x10* and C=10.0
respectively.

a) - ()] R A

Fig.4  Unstructured mesh used to analyze the flow around a sphere. (a) General view; (b) Detail of the
frontal region

Values of the dimensionless specific mass obtained in this work are shown in Fig. 5. They are
similar to those obtained by Argyris et al. (1989), but with some spurious oscillations.

7.84
7.38
6.93
6.47
6.1
555
5.00
4.64
4.18
3.72
3.26
2.80
235
1.89
1.43

~“ N WsUONDOPTODOOMTM

Fig.5 Values of the dimensionless specific mass obtained with an unstructured mesh

Figure 6 presents the structured-unstructured mesh. The domain is contained between two spherical
surfaces with dimenstonless radius 1.0 and 11.5 respectivelly and the planes of symmetry xy and xz
The unstructured part of the mesh is localized in the proximities of the confluence of the regions in
which the mesh was divided. It was adopted u dimensionless time step Ar =6.0x10° and a da.mpmg
constant C=10.0 was used in expression (28), |
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Results for the dimensionless specific mass, Mach number. and dimensionless pressure arc shown
in Fig. 7.

By, oer (7] S

Fig.6 Mixed structured-unstructured mesh to analyze the flow around a sphere. (a) General view: (b)
Detail of the frontal region -

- MW RGeSO OO MT
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(a)

-mﬂamﬂ-ﬂb&)-ﬁg
o
<
a

(c)

Fig. 7 Example of the supersonic flow with Mach=8.15 around a sphere. (a) Dimensionless specific mass
values; (b) Mach number values; (c) dimensionless pressure values
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The results obtained with this mesh are similar to those obtained by Argyris et al. (1989). Problems
existing with completely structured or completely unstructured meshes were eliminated. The
performance for this case, using the supercomputer CRAY YMP-2E of the CESUP/UFRGS was 128
Mflops.

Flow Past an Hemispherical Cylinder

A supersonic flow (Mach=1.5) of a viscous compressible fluid (Re=1.386x10°) past a hemispherical
cylinder with zero angle of attack was considered. Only & quarter of the body was taken into account
due to axial symmetry.

A mixed structured-unstructured mesh with 14606 nodes and 72242 elements was used.
Exponential variations of the elements dimension in radial direction were employed to capture viscous
effects near the body surface. The mesh is shown in Fig.8.

(b)

Fig. 8 Mesh for hemispherical cylinder. (a) General view; (b) Detail of the frontal region

At the planes of symmetry, the normal component of the velocity was supressed, and at the body
surface the three velocity components and the normal pressure gradient were prescribed as being equal
o zero, assuming that an adiabatic process occurs.

The far-field flow has the following dimensionless properties:

p.=14.  T.=(1500) E.=29107

These values were taken as initial conditions, excepting for points on the body surfaces, where the
velocity components are equal to zero.

A dimensionless time step Af =3,0x10™ and a damping constant C=10.0 were adopted.

Results for steady state are shown in Fig. 9. Values of the pressure coefficient ¢, (Fig. 9a). of the
Mach number (Fig. 9b) and of the dimensionless specific mass (Fig. 9c) are presented. The pressure
coefficient is given by

2
= ";(-’L—] (44)
yMZ\ p.

These figures show a well-defined shock in front of the hemispherical cylinder. The main reason for
such a success is the fine mesh used in this region.




P.R.F. Teixeira et al.. Numerical Simulation of Three Dimensional Compressible Flows Using Finile... 75

{u)

Fig. 9 Results for the hemispherical cylinder using a mixed structured-unstructured mesh.
{(a) Pressure coefficient values; (b) Mach number values; (c) Dimensionless specific mass
values

Figure 10 shows results obtained by Azevedo (1988) for the same problem using finite differences.
In this work, grid lines run in the longitudinal, normal and circunferencial directions, and 50, 40 and 20
grid points are used, respectively in these directions. Because of the coarseness of the grid, the results
do not show a well-defined shock.

Figure 11 presents values of the residue along the time for the specific mass. These values were
computed considering the node with larger difference between values of the specific mass at time t and
1+AL
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(a)
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I

70

1o

{c)

Fig. 10 Results for the hemispherical cylinder obtained by Azevedo (1988). (a) Pressure coefficient values;

(b} Mach number values: (c) Dimensionless specific mass values
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The behaviour of the pressure coefficient, the Mach number and the dimensionless specific mass
along the stagnation line is presented in Fig. 12.

~o-  specific mass
B —— pressure coefficient
-8 Mach number
b e
W e AT~y
el = .
2 A
3 20
B .
2 X —
1.0
-
L i
0.0 —c— | ) il I
000 010 020 030 040 050 060 070 080
Stagnation line

Fig. 12 Variations of the pressure coefficient, the Mach number and the dimensionless specific mass along
the stagnation line

It was also obtained a shock standotf dimensionless distance equal to 0.60 and the same value was
obtained by Hsieh (1977). This is very close to the value of 0.57. obtained by Azevedo ( 1988).

The performance of the vectorized code for this case was similar to that obtained for the first
example.

Conclusions

Good results were obtained for supersonic flows past a sphere and an hemispheric cylinder with a
non viscous and a viscous fluid respectively. Our experience with 2-D flows shows that this algorithm
may be used in a wide range of Mach numbers, including subsonic and transonic flows (Santos and
Awruch, 1995).

Good performance was also obtained in terms of CPU time for both examples with the vectorized
code (the performance was around 128Mflops), but some improvements may be still implemented.

The stability condition, arising from the explicit nature of the algorithm, leads to a very small
critical time step. In order to improve the computer process time, it is important to take variable time
intervals as function of finite element dimensions, creating different subdomains.

The finite element mesh is a crucial stage for this type of problems. Totally structured and totally
unstructured meshes give sometimes significant distorsions in the final results (for different reasons and
in different regions), specially for flows around bluff bodies. Such distorsions can be eliminated using
adequately mixed structured-unstructured meshes, as was shown in this work. The use of adaptive
meshes will probably eliminate this drawback. This aspect is now being studied, together with other
features such as moving meshes based in a mixed Eulenan-Lagrangian description.
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Abstract

Classical shell-and-tube heat exchangers are usually equipped with segmental baffles. These baffles serve two basic
Junctions. {a) they provide tube supports, thereby preventing or reducing mechanical problems, such as sagging or
vibration; (b} they direct the fluid flow over the tubes so as to introduce a cross-flow component, thereby increasing
the heat transfer. Segmented baffles have several sources of performance loss, some due 1o various leakage flows
and others caused by stagnation zones. A new concept of longitudinal flow heat exchanger — based on placing
twisted tapes along the tube bundle subchannels — was developed to mitigare drawbacks of other types of tubular
heat exchangers. In this paper, a numerical model has been implemented in order to simulate the thermal-hydraulic
Jfeature of tubular heat exchangers equipped either with segmental baffles or with subchannel twisted tapes. The tube
hundle has been described by means of an equivalent porous medium tvpe model, allowing a macroscopic
description of the shell-side flow. The basic equations — continuity, momentum and energy = have been solved by
using the finite volume method. Typical numerical results have been compared with experimental data, reaching a
very good agreement. A comparative analysis of differenr rvpes of heat exchangers has been carried out, revealing
the satisfactory thermal-hvdraulic efficiency level of the mwisted tapes hear exchangers,

Keywords: Heat Exchanger, Shell and Tubes, Twisted Tapes, Finite Volume Method, Flow Visualization.

Resumo

Este trabalho propde um modelo numérico para estudar o comportamento térmico ¢ hidrdulico de trocadores de
calor multitubulares, incliindo wm novo tipo de aparelho munido de fitas helicoidais externamente aos tubos. As
equacdes de conservagdo da massa, quantidade de movimento e energia sdo resolvidas através do métode dos
volumes finitos. O feixe bular é representado por um modelo do lipo meio poroso equivalente, permitindn uma
descrigdo macroscépica do escoamento no interior do aparetho. A boa qualidade dos resultados da simulagdo pode
ser comprovada através de vdrias compara¢ies com dados experimentais. Uma andlise comparativa entre
diferentes configuragdes de aparethos colocou em evidéncia o desempenho satisfatério dos trocadores de calor
equipados de filas helicoidais, em relagdo aos modelos convencionais dotadoy de chicanas segmentadas.
Palavras-chave: Trocador de Calor. Casco-Tubos, Fita Helicoidal, Método dos Volumes Finitos, Visualizagdo de
Escoamentaoy.

Introducgéao

Dentre os diferentes tipos de trocadores de calor, a configuragao casco-tubos €, ainda hoje, a mais
exiensamente utilizada nas aplicagdes industriais. Para intensificar o coeficiente de troca de calor
exlernamente aos tubos e, a0 mesmo tempo, oferecer suporte mecanico ao feixe tubular, a maioria
destes trocadores sio equipados de chicanas segmentadas, que conduzem o fluido a um percurso
perpendicular aos tubos. Apesar da presenga das chicanas, o escoamento no interior do casco pode
induzir vibragdes significativas no feixe. comprometendo a seguranga e a vida dtil do aparelho. A
solugdo cldssica para este género de problema consiste na redugio do espagamento entre as chicanas,
aumentando, assim, a rigidez do conjunto, Esta alternativa contribui, ainda, para intensificar o
Manuscript received: March 1997. Technical Editor: Angela Ourivio Nieckele
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coeficiente de transferéncia de calor exteriormente aos tubos, Em contrapartida, as perdas de pressio
também sofrem aumento substancial, podendo ultrapassar os limites considerados admissiveis.

Configuracdes alternativas de trocadores tubulares tém sido desenvolvidas, com o propdsito de
paliar os inconvenientes oriundos da utilizagdo de chicanas segmentadas neste tipo de aparelho. A
principal delas, conhecida na hiteratura internacional como rodbaffle, foi estudada por diversos autores
— Small e Young (1979), Hessealgreaves(1988), Taborek (1989) e Gentry (1990), dentre outros — e vem
sende utilizada em trocadores de calor de grande porte, sobretudo na inddstria do petrdleo. O presente
trabalho faz parte integrante de um estudo mais amplo sobre o emprego de fitas helicoidais rigidas
(rwisted tapes) em trocadores de calor multitubulares, posicionadas, pela primeira vez, do lado externo
dos tubos.

Inseridas nos subcanais da maneira como ilustra a Fig. 1, estas fitas modificam radicalmente o
conceito de estrutura de sustentagdo tubular, eliminando, de maneira eficaz, as principais causas de
vibragio do feixe. Do ponto de vista termohidriulico, esta nova concepgio de estrutura torna o
escoamento globalmente longitudinal na quase totalidade do comprimento do casco, evitando mads
distribuicoes do fluxo e o aparecimento das miltiplas zonas de estagnac@o inerentes aos trocadores
munidos de chicanas segmentares. Além disso, as fitas helicoidais atuam como promotores de
turbuléncia, favorecendo os processos de transferéncia de calor e massa no interior da carcaga.

Este trabalho apresenta um modelo matematico implementado para simular o comportamento
térmico e hidriulico de trocadeores de calor tubulares, equipados de fitas helicoidais ou de chicanas
segmentadas. Os resultados numéricos, obtidos pelo método dos volumes finitos, sAo comparados com
informacdes experimentais obtidas num trocador de calor protdtipo,

Fig. 1 Feixe tubular em arranjo triangular munido de fitas hellcoldais (twisted tapes) externamente aos tubos.

— Nomenclatura
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Modelo Numérico

Equacoes Basicas

De maneira geral, o funcionamento térmico e hidriulico de wocadores de calor pode ser bem
representado pelas equagdes de conservagio — massa, quantidade de movimento e energia —, escritas
para escoamento incompressivel e sem dissipag@o viscosa de um fluido newtoniano, Estas equagdes
podem ser colocadas na seguinte forma geral:

P :
p-—;JT+pgDV.a+V.J¢ = pS, ()

A varidvel @ pode designar as componentes u, v e w da velocidade, ou um escalar qualquer
transportdvel pelo escoamentio — como a temperatura ou a concenfragio, por exemplo. S, representa o
termo fonte generalizado, responsdvel pela geragdo ou destruigiio da grandeza ¢. Os dois ltimos
termos do primeiro membro traduzem, respectivamente, os fluxos convectivo e difusivo da quantidade
¢. Considerando-se. adicionalmente. regime de convecgio torgada e propriedades fisicas do fluido
constantes, os diferentes elementos da equagio acima assumem a forma apresentada na Tabela 1.

Tabela1 Elementos da equacéo geral de transporte — Equagao (1)

Principio de Conservagao P Jo Sq
Massa 1 0 0
Quantidade de movimento u, v ou w —u D. e; -VP+R.e; +F.¢;
Energia T —kNT 0

Com as condi¢bes limites e iniciais particulares de cada caso analisado, a Eq. (1) constitui um
sistemna determinado que, devido  forte nao-linearidade de seus termos convectivos, deve ser resolvido
numericamente. Uma dificuldade adicional surge, entretanto, quando da resolugdo destas equagdes no
interior de geometrias complexas. No caso especifico de trocadores multitubulares, a representacio
completa e detalhada do feixe de tubos no dominio de célculo exigiria a adog¢do de malhas irregulares e
particularmente refinadas, ainda incompativeis com a capacidade da maioria dos atuais computadores.
Um modelamento complementar do escoamento torna-se, pois, indispensavel.

Meio Poroso Equivalente

Dois tipos prinbecipais de modelos aparecem na literatura — Sha er af., (1978) e Sha (1980} —,
permitindo representar as caracteristicas essenciais do escoamento através do feixe tubular,

No primeiro deles — o método dos subcanais — as malhas sio definidas diretamente pela
configuragio geométrica do feixe tubular e o escoamento na diregdo longitudinal dos tubos é
explicitamente considerado como preferencial. Assim. as equacdes de quantidade de movimento
transversais e axiais ndo sdo fratadas com o mesmo rigor, o que limita a aplicagio da técnica a alguns
tipos bem especificos de aparelhos.

O segundo método — proposto originalmente por Patankar e Spalding (1974) e discutido em
detalhes por Sha (1986) — permite uma descricdo macroscdpica do escoamento, através do
modelamento do feixe como um meio poroso equivalente. Esta forma de abordagem, adotada no
contexto deste trabalho, resulta diretamente das equagdes de conservagao, sem nenhuma outra hipdtese
além de uma distribuicio uniforme das grandezas fisicas do escoamento dentro de cada malha.

Em linhas gerais, o método baseia-sc nos conceitos de porosidade volumétrica e superficial,
definidas como a fragdo do volume. ou da drea total de cada malha, ocupada pelo fluido, ou oferecida a
sua passagem. Matematicamente, pode-se escrever:

Vi Ve
P Tl e (2)
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A A
¢ = = E = &k (3)
s tAf Ar

As propriedades extensivas do escoamento, assim como as velocidades nas fronteiras dos volumes
elementares, sio ponderadas pelas porosidades correspondentes, calculadas através das expressbes
acima. As interacdes termohidraulicas entre o fluido e as estruturas s6lidas presentes no escoamento sio
representadas por leis constitutivas, obtidas experimentalmente por Hessealgreaves er al., (1993) em
estudos precedentes ¢ introduzidas no programa computacional sob a forma de correlagoes.

Do ponto de vista do escoamento interno, os tubos siio considerados como canais paralelos
alimentados por coletores posicionados em suas extremidades, no interior dos quais a pressiio e a
temperatura sio consideradas constantes. O acoplamento térmico entre os dois fluidos — interno e
externo - ¢ realizado a partir do cilculo do fluxo de calor e do ndimero de tubos posicionados dentro de
cada malha.

Método de Solugao

No contexto deste trabalho, utilizou-se o programa de termohidraulica industrial Trio-VF®.
desenvolvido pelo Commissariar @ !'Energie Atomique — CEA, Franga, onde as equagdes que
descrevem o escoamento sio discretizadas no espago R’ pelo método dos volumes finitos. O dominio
de calculo é, pois, dividido em malhas — volumes de controle ou células elementares — e as equagdes
locais de conservagiio sio integradas em cada volume de controle, resultando em equagoes
macroscipicas de balango. Com o auxilio do teorema de Gauss, as integrais de volume sdo
transformadas em integrais de superficie, dando origem a um conjunto de equagdes, cuju formulagio
discreta constitui a base do método dos volumes finitos.

O algoritmo de solugdo baseia-se no método Sola, desenvolvido no Les Alamos Scientific
Laboratory da Universidade da Califérnia. De acordo com Hirt er al.. (1975 e 1976), trata-se de um
método principalmente explicito, que incorpora um certo grau de implicidade. notadamente em pressio.
A equagido de conservagdo da massa ¢ combinada com o divergente da equagido da quantidade de
movimento, gerando uma equagdo de Poisson para a pressdo. As equacdes de transporte para
quanudades escalares, bem como os termos difusivo, convectivo e fonte da equagio de quantidade de
movimenta, sio discretizadas explicitamente, enquanto a equacao de Poisson € discretizada de maneira
implicita. Resulta daf. um sistema linear para a pressio no tempo t + At, dado por:

An.P.‘-.ﬂ' = B‘ (4)

no qual a matriz A" contém apenas informagoes geométricas e deve ser invertida uma dnica vez, no
inicio dos cdlculos. O segundo membro, por sua vez, contém as velocidades e o termo fonte, avaliados
no instante precedente. A solugdo deste sistema € realizada pelo método direto de Choleski.

A discretizagio temporal explicita impde uma limitagdo no passo de tempo, baseada nas constantes
de tempo de transporte convectivo ¢ difusivo sobre o sistema de malhas definido. A condigio geral de
estabilidade se escreve:

gl L 2 (5)
A At

onde os passos de tempo de convecgido e de difusiio sio dados, respectivamente, por:

-1
L1l vl I
e 5§ maxy (s Lo L) 2

|
|
|
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-1
1 o o 7
Adp s — max — + + - {7
8= “( A A AP )

com a fun¢ao maxy (....) designando o valor maximo assumido pelo seu argumento no interior do
dominio de cilculo. A varidvel o, por sua vez, representa o coeficiente de difusio de massa, de
quantidade de movimento ou de energia, conforme o caso considerado,

O cdlculo se desenvolve seqiiencialmente, de acordo as seguintes etapas: (a) determinagio e
incremento do novo passo de tempo; (b) resolugiio do sistema linear de pressio e cdlculo da pressdo no
novo instante; (¢) cilculo do campo de velocidades, a partir da equagio da quantidade de movimento;
(e) teste de convergéncia: finalizagao dos cdlculos ou retorno ao passo inicial.

Em regime de convecgio forgada — situagdo encontrada em lodos os casos analisados no dmbito
deste trabalho — as equagoes do movimento sdo desacopladas da equagiio de transporte de quantidades
escalares, Assim sendo, campos de temperatura ou de concentragio podem ser determinados apés a
obtengdo do regime hidrdulico permanente, visto gue, nesta condigdo, ¢ usual considerar-se que tais
varidveis nio exercam influéncia significativa sobre o movimento do fluido. Em outras palavras, a
temperatura e a concentragiio podem ser encarados como escalares passivos, transportados pelo campo
de velocidades previamente estabelecido, através dos mecanismos de convecgio e difusdo.

Malhas e Condicoes de Contorno

A presente simulagdo refere-se a um trocador de calor de seg¢éo transversal quadrada, dentro do qual
s¢ posiciona um feixe de tubos em arranjo triangular. A geometria pouco convencional desta carcaga
mostrou-se necessdria por dois motivos basicos: em primeiro lugar, para permitir a simulagio
bidimensional do problema e, em segundo, para facilitar a visvalizagiio experimental do escoamento no
interior do aparetho — Mansur (1993). cujos resultados se prestaram, dentre outras coisas, & validagao
do modelo numérico.

Um sistema bidimensional de malhas irregulares, com resolugdo 89 no plano xz, foi empregado na
discretizag¢io do dominio de cilculo. Como mostra a Fig. 2, as malhas se mostram mais refinadas nas
regides de entrada e safda do aparelho, onde as velocidades siio fortemente inclinadas em relagio ao
eixo z, bem como nas proximidades das paredes longitudinais da carcaga, para assegurar uma boa
representagio do escoamento no espago compreendido entre o feixe tubular e a carcaga.

Entrada 0 10cm

Condigao de nao-deslizamento

Condigéo de nao-deslizamento

Condi¢ao de nao-deslizamento

Condigao de nao-deslizamento

Saida

Fig.2 Dominio de célculo: dim des basi sistema de malhas e condicdes de contorno

Em consonfincia com o dispositivo experimental da Fig. 3, a carcaga é constituida de paredes
aderentes, impermedveis ¢ adiabdticas. A velocidade e a temperatura na entrada, assim como a pressdo
na safda, sdo impostas como condigdes de contorno. As doas faces perpendiculares i diregdo v sdo
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consideradas como planos de simetria, 0 que equivale a desconsiderar o efeito das paredes laterais da
carcaga sobre o escoamento,

A Tabela 2 apresenta os principais dados de entrada que alimentam o programa de simulagdo,
incluindo os valores correspondentes as condigdes de contorno acima discriminadas. As propriedades
fisicas de ambos os fluidos, que percorrem o aparelho em contra-corrente, sdo consideradas constanies
durante a realizagdo dos célculos.

Dispositivo § 3
de mjegdo

(a) Vista de Conjurnto (b) Regido de Entrada

Fig. 3 Dispositivo experimental

Tabela 2 Propriedades fisicas e condigdes de contorno utilizadas na simulagéo

Escoamento Varidvel Valor Unidade
- Velocidade média na seglo de passagem 22 ms
- Temperatura média na entrada 100 1
Interno - Massa especifica 965 kg.m™
aos Tubos - Viscosidade dinadmica 3z.10" N.s.m?
- Condutividade térmica 0.675 W.m . C
- Calor especifico a pressao constante 4204 J_kg". ("3
- Velocidade média na segao de entrada 009a07 ms.
- Temperatura média na se¢éo de entrada 20 B
Externo - Massa especifica 998 i(g.m'3
aos Tubos - Viscosidade dindmica 0.8.10° Nsm®
- Condutividade térmica , 0614 wm'C

- Calor especifico a pressao constante 4182 Jkg'.C
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Resultados e Discussao

Conforme mostra a Fig. 4, quatro diferentes versdes de um mesmo aparelho sdo abordadas na
presente andlise. As configuragdes FH-100 e FH-075 designam os trocadores de calor cujas fitas
helicoidais ocupam, respectivamente, 100 e 75% do comprimento total dos tubos. As configuragdes
FH-000 e CH-006, por sua vez, correspondem aos aparelhos desprovidos de fitas helicoidais e os
munidos de chicanas segmentares cldssicas, respectivamente. Estas duas idltimas configuragdes
constituem elementos de referéncia para a andlise das eficiéncias termohidraulicas dos trocadores
equipados de fitas helicoidais.

[ (a) FH-100 l (c) FH-000

(b) FH-075 I (dy CH-006

Fig. 4 Configuragbes geométricas dos trocadores de calor multitubulares estudados numericamente

Num primeiro momento, a fim de validar o modelo elaborado e introduzido no programa de
simulagido, medidas de pressao foram efetuadas em diversos pontos do protétipo representado na Fig. 3,
construido para permitir o ensaio hidraulico das configuragdes FH-100, FH-075 e FH-000.

A Figura 5 estabelece uma comparacio entre dados numéricos e experimentais, referentes i
diferenga de pressiio entre os bocais de alimentagio e de restituigio, para trés das quatro diferentes
configuragoes abordadas neste estudo. As linhas continua e tracejadas foram ajustadas sobre o conjunto
dos dados experimentais previamente obtidos, através do método dos minimos quadrados. A excelente
concordincia dos resultados reflete a boa qualidade do modelo implementado. Nos casos mais
desfavordveis, as perdas de pressio calculadas sdio superestimadas em menos de 5%, quando
comparadas aos seus correspondentes valores experimentais.

16— T
—_ 14 £ A o]
r num. exp ]

o r [ 4 1
25 12 =f- ® — — configuragio FH-100 ¥y -
= 16 4 — - - configuragho FH-075 i ¢
o - -
s : e — oconfiguragao FH-000 7 1
e 7T : # g
[ 6 i & I
5 4 Fe gt
g B - i ‘,// =
= 45 g = s ]
@ L g T 4
SRR o iR £
- L p

0 _wﬁ?ﬁ.{....]l....l....JI....I....

0.0 0.1 0.2 0.3 0.4 05 0.6 07 0.8
Velocidade média na segéo de entrada [ m/s |

Fig. 5 Diferenca de pressao entre as extremidades do trocador de calor no escoamento externo aos
tubos: comparagao entre resultados numéricos e experimentais

E interessante observar que a utilizacio de fitas helicoidais longas — configuracio FH-100 — produz
um aumento substancial das perdas de pressao dentro do aparelho, relativamente as configuracoes FH-
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000 e FH-075. Conclui-se dai que, do ponto de vista puramente hidrdulico, a presenca de fitas
helicoidais nas regides de entrada e de saida da carcaga podem comprometer seriamente o desempenho
do trocador de calor, Por outro lado, o comportamento hidraulico dos aparelhos representados pelas
contiguragoes FH-075 e FH-000 sao bastante proximos, revelando que, num trocador munido de fitas
helicoidais, a maior parte das perdas de carga se di nas regides de entrada e saida, onde as velocidades
apresentam forte componente perpendicular ao feixe de tubos. Assim, recomenda-se que o uso de fitas
helicordais fique, na medida do possivel, restrito apenas a zona central do aparelho, onde o escoamento
¢ predominantemente longitudinal.

A boa qualidade do modelo numérico fica ainda mais evidente mediante a comparagdo entre as
informagoes qualitativas da Fig. 6.

A visualizagdo deste escoamento em laboratdrio — Fig. 6(a) — foi realizada através da injecdo de
corante liquido na entrada do protétipo. Imagens sucessivas do escoamento foram, entio, captadas em
pelicula fotogrifica, por intermédio de duas c@maras motorizadas comandadas simultaneamente,
posicionadas frente as regides de entrada e de saida do trocador. Na regido central deste protétipo. a
visualizagio do escoamento e, sobretudo, o registro das imagens geradas, mostraram-se bastante
dificeis de serem cxecutados, devido a4 presenga das fitas helicoidais confeccionadas em material
metilico.

A simulagdo numérica desta experiéncia, cujos resultados aparecem na Fig. 6(b), foi executada apds
a obtengdo do campo permanente de velocidades, lendo-se em vista o regime de convecgao forgada que
caracteriza a operagdo deste tipo de equipamento. Nestas condigdes, uma equagdo adicional de
transporte para um escalar passivo — no caso a concentragao — foi resolvida em regime transiente. O
procedimento € razoavelmente simples, podendo ser descrito da maneira como segue. Inicialmente, uma
condi¢do de concentragio homogénea (C =0) ¢ imposta a lodo o dominio de cdlculo. A partir do
instante inicial t, = 0, uma nova condigdo de concentragio € introduzida continuamente na entrada do
aparelho (C = 1), enquanto todas as outras condigdes permanecem inalteradas, Resulta, dai, uma frente
de concentragio transportada pelo escoamento, cuja evolugao pode ser acompanhada ao longo do
tempo.

Antes do inicio da presente experiéncia numérica, testes preliminares foram realizados com o
objetivo de se determinar as melhores condigdes para simular o deslocamento da frente de corante
liquido. Dentre outras coisas, avaliou-se o problema da difusio numérica introduzida nos resultados por
diferentes esquemas convectivos. A de imagem seqiiencial da Fig, 6(b) foi obtida utilizando-se o
esquema Quick — descentrado a montante de terceira ordem ~ que propiciou resultados nitidamente
melhores que os obtidos através do esquema UpWind — descentrado a montante de primeira ordem.

Para finalizar a presente fase de validagio do modelo, é importante acrescentar que comparagdes

| andlogas foram efetuadas para as configuragdes FH-000 e FH-100, revelando, da mesma forma, étima

concordincia entre dados numéricos e experimentais.

Uma das mais importantes finalidades da simulagio de trocadores de calor consiste na avaliagio da
eficiéncia destes aparelhos, quando submetidos a altera¢des em seus pardmetros fisicos, geométricos ou
de funcionamento. Os resultados apresentados a seguir, além de servirem pura ilustrar este tipo de
aplicagdo, permitem uvaliar o desempenho dos aparelhos equipados de fitas helicoidais, relativamente
aqueles dotados de chicanas segmentadas.

Virias definigoes tém sido formuladas para quantificar o rendimento de trocadores de calor.
Nenhuma delas, entretanto, mostra-se suficientemente completa e abrangente para ser utilizada como

- um critério universal de desempenho, aceito por todos os setores que fabricam ou operam equipamentos
- desta natureza,

Um indice de desempenho particularmente utilizado para avaliar a eficiéncia dos mecanismos de
troca de calor, do ponto de vista do fluido externo aos tbos, € dado pela relagao:

ATU

8
ATy .

ET=

Para o caso de um aparelho operando em contra-corrente, nas condigoes de temperatura explicitadas na
Tabela 2, a Eq. (8) pode ser rescrita na forma:

T, -T.
&y = 0.5 DF (9)
Tie—Tor
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Fig. 6

t=18,1[s]

(a) Resultados Experimentais (b) Simulagdo Numérica

Evolugdo temporal de uma frente de corante liguido injetada uniformemente na entrada do trocador de
calor - configuracao FH-075, U = 0,09 m/s: comparagao entre resultados numéricos e experimentais
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Fisicamente, esta expressao relaciona a poténcia efetivamente absorvida pelo fluido no interior da
carcaga, com aquela que poderia ser transferida, caso a superficie de troca fosse infinita.

Por este critério exclusivamente térmico, o trocador de chicanas cldssicas apresenta nftida vantagem
sobre todos os modelos que utilizam fitas helicoidais, como mostram os resultados da Tabela 3.
Entretanto, em muitas circunstancias, este indice parece impréprio para exprimir as caracteristicas de
desempenho de um dado aparelho.

Tabela 3 Eficiéncia térmica dos trocadores de calor analisados, em fungiio da

velocidade média do escoamento na entrada do aparelho:
resultados numéricos.

Velocidade na Entrada Eficiéncia Térmica, €; [%]
Ue [mis]] FH-000 FH-075 FH-100 CH-006
0,09 56.0 60,9 65,4 85,8
04 353 40,3 41.8 55,8
0,7 279 3.7 32,7 424

Condiges de simulagio especificadas na Tabela 2.

Com efeito, um indice de desempenho adequadamente definido deve refletir a habilidade de uma
méquina ou equipamento de realizar tarefas para as quais foi projetado. Assim sendo, considerando-se
que um trocador érmico deva maximizar a taxa de transferéncia de calor com o menor consumo de
energia externa possivel, outros critérios explicitos de eficiéncia podem ser estabelecidos a partir das
relagGes:

£
)
= 10
n; £, (10)
En
= (11
n: £y )
onde:
¢
B St — (12)
* O rH—o00
gose- o (13)
" hew_ooo :
o i (14)
P APry_poo

Nestas trés ltimas expressdes — que também podem ser encaradas como indices de desempenho
térmico ou hidraulico — o denominador representa os valores da poténcia térmica (¢), do coeficiente
médio de transferéncia de calor externo aos tubes (h) e da queda de pressdo através do aparelho (AP),
respectivamente, obtidos para a configuragio FH-000, que serve de base para a comparagao apresentada
na seqiiéncia do trabalho.

A Tabela 4 mostra que, embora a configuragio CH-006 seja mais eficiente do ponto de vista
térmico — € e & mais elevados para uma mesma condigio de operagio —, a performance
termohidriulica dos trocadores de calor munidos de fitas helicoidais — 1, e 1, — s@o significativamente
melhores, gragas a reduzida queda de pressio gue caracteriza o funcionamento deste tipo de aparelho.

Os resultados da simulagdo que deram origem a esies indices de desempenho mostram que, para
uma mesma queda de pressdo ou uma mesma poténcia de bombeamento, as configuragdes FH-000, FH-
075 e FH-100 sao capazes de transferir calor numa propor¢io substancialmente maior que a
configuracao CH-006.
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Finalmente, cabe salientar que a tendéncia destes resultados encontra-se em perfeita sintonia com os
estudos realizados por Mansur er al., (1994), onde os dados de desempenho de um trocador de calor
mumdo de fitas helicoidais — obtidos experimentalmente — sao comparados com aqueles apresentados
por aparelhos geometricamente equivalentes, equipados com diferentes quantidades e configuragdes de
chicanas segmentadas. Neste dltimo caso. os resultados forum gerados através de um programa de
dimensionamento de trocadores do tipo casco-tubos — Cetuc® —, desenvolvido e comercializado pelo
Groupement pour la Recherche sur les Echangeurs Thermiques — GRETh, Franga. Esta constatagio
reafirma a validade do programa de simulagio apresentado no dmbito deste artigo, qualificando-o como
instrumento de pesquisa e desenvolvimento de trocadores de calor multitubulares,

Tabela 4 Eficiéncias térmica, hidrdulica e termohidrdulica dos trocadores de calor analisados, em fungéo da
velocidade média do escoamento na entrada do aparelho: resultados numéricos.

Velocidade na indices de Eficiéncia
Configuragéo Entrada
Ue [ms] ) En Ep n- M
0,09 1.09 1.16 1.66 0.66 0,70
FH-075 0.4 1.14 125 1.33 0,86 0,83
0.7 1,14 1.25 1,31 0,87 0,95
0,09 117 1,33 2,84 041 0,47
FH-100 04 1.18 1.33 2,60 0,46 0,51
0.7 1,17 1,32 2,60 0,45 0,51
0.09 1,53 2.73 8,08 017 0,30
CH-006 04 1,68 245 9,40 017 0,26
0,7 1,52 2,29 9,64 0,16 0,24

Condigbes de simulagio especificadas na Tabela 2

Conclusao

Programas de simulagio tém sido exaustivamente utilizados nos meios cientificos e industriais, para
estudar o funcionamento de trocadores de calor e outros tipos de equipamentos térmicos. Esta forma de
abordagem permite o acesso rdpido a varidveis de funcionamento do aparelho, cuja determinagio
experimental se mostra, na maioria das vezes, dificil, onerosa ou até mesmo impossivel de ser realizada.
Por outro lado, durante a elaboragio de um modelo, hipéteses simplificativas sio formuladas, a fim de
que uma situagdo fisica complexa possa ser descrita matematicamente, Além disso, os métodos
numéricos empregados na solucdo desses modelos embutem, via de regra, vdrias aproximagdes. Em
vista disso, a utilizagdo criteriosa de um programa de simula¢@o para fins industriais pressupde a
vahidagio prévia do modelo fisico e do programa computacional, antes que informagdes incorretas ou
inconsistentes possam ser empregadas inadvertidamente. Os procedimentos experimentais se
apresentam, neste contexto, como os instrumentos mais confidveis para a qualificagio de resultados
numéricos, O presente artigo coloca os métodos numérico e experimental como ferramentas de andlise
complementares, mostrando que este acoplamento pode contribuir de maneira efetiva para o
aprimoramento tecnoldgico dos trocadores de calor.

Do ponto de vista técnico, as principais conclusdes extraidas deste trabalho podem ser resumidas da
maneira como segue: {a) Embora ndo permita a obtengdo de detalhes finos do escoamento, a descri¢io
do feixe tbular por um modelo do tipo meio poroso equivalente se mostrou absolutamente adequada
para simular o funcionamento térmico e hidrivlico de trocadores de calor multitubulares;
(b) Resultados numéricos envolvendo a propagagio de uma frenie de corante através do aparelho sio,
evidentemente, muito mais ficeis de serem obtidos que experimentalmente. Investigagdes desta
natureza servem para detectar eventuais zonas de md distribuigdo do fluxo, onde o fluido penetra com
dificuldade. A partir destas informagdes. possiveis solugdes para o problema podem ser propostas e
testadas numericamente, posto que o programa ja se encontra devidamente validado para este tipo de
aplicagio: (c) O uso de fitas helicoidais deve ser evitado nas regides de entrada e de saida do aparelho,
onde o escoamento é predominantemente perpendicular ao feixe de tubos, As informagdes obtidas
numérica e experimentalmente mosiram que, para uma mesma vazao, a conliguragio FH-100 apresenta
uma queda de pressdo significativamente maior que a configuragio FH-075, sem o correspondente
aumento dos parimetros que determinam a eficiéncia térmica do aparelho; (d) O conjunto dos
resultados apresentados demonstra claramente as potencialidades dos trocadores de calor equipados de
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fitas helicoidais, sobretudo quando parimetros hidraulicos siao incluidos na definigdo dos indices
utilizados para avaliar sua performance.
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Abstract

Neural computation represents one of the fastest growing areus in artificial intelligence. Considering thar the major
limit of the thermalhydraulic design of PWR rvpe nuclear reactors consists in the occurrence of critical heat flux
(CHF), in the present work. it is developed an artificial neural net for the prediction of occurrence of CHF, utilizing
experimental data obtatned in rod bundle water flows for the net training. Application is performed for the range of
the vperational parameters of reactor INAP-11, being developed by CTM/SP. It was observed that the standard
deviation of the final resulls, given by the net for the ratio berween experimental and theoretical results for the CHF,
i lower than those given by the EPRI and EPRI_MOD correlations, coupled to the COBRA IV code, and that the
average presenis a very small deviation from the expected unity value,

Keywords: Critical Heat Flux, Neural Nets, PWR Nuclear Reactor.

Resumo

Computagdo newronal représenta uma das dreas de crescimento mais rdpido das téenicas de inteligéncia artificial.
Considerando-se que o principal limite do projeto termohidrdulico de reatores do tipo PWR consiste na ocorréncia
de fluxo critica de calor (FCC}, no presente trabalho. € desenvolvida umea rede neuronal artificial para a simulagdo
de ocorréncia de FCC, unilizando-se dados experimentais obtidos em escoamentoy de dgua em feixes de varetas para
o treinamenio da rede. Aplicagde € feita para a faixa de pardmetros operacionais caracteristicos do reator INAP-
11, sendo desenvolvido pelo CTM/SP. Observou-se que o desvio padrdao dos resultados finais, fornecidos pela rede
para a razdo entre os valores experimentais e tedricos do FCC, € menor do que agueles dados pelas correlagdes
EPRI e EPRI_MOD. acopladas ao programa COBRA-IV, e gue a média apresenta um desvio pequenc do valor
unitdrio esperado.

Palavras-chave: Fluxo Critico de Calor, Redes Neurais. Reator PWR.

Introdugao

No momento, a maior prioridade do Programa Nuclear Brasileiro, sendo desenvolvido pelo
CTM/SP - Centro Tecnolégico da Marinha em Séo Paulo, do Ministério da Marinha, consiste no
desenvolvimento de um reator nuclear, com um nicleo de pequeno porte, do tipo PWR (Pressurized
Water Reactors), para propulsdo naval. Além deste reator, denominado INAP-11, a usina nuclear
ANGRA-I, projetada pela Westinghouse e em operacio, e a usina nuclear ANGRA-II, desenvolvida
pela KWU e em fase avangada de construgio, possuem reatores do tipo PWR., Desta forma, pode-se
observar que reatores do tipo PWR representam a opgio brasileira para a geragdo niiclec-elétrica.

O principal limite termohidréulico de projeto de reatores do ipo PWR (Pressurized Water Reactors)
consiste na ocorréncia de fluxo critico de calor (FCC), usualmente conhecido como DNB (Departure
from Nucleate Boiling), cuja verificagio, para efeito de projeto, € efetuada através do DNBR (Departure
from Nucleate Boiling Ratio), o qual consiste na razdo entre o fluxo critico de calor, calculado nas
condigdes locais do refrigerante, utilizando-se uma correlagdo empiricu de projeto, e o fluxo de calor
operacional local. A Margem de Projeto é estabelecida pela Minima Razio de DNB (MDNBR), a qual é
fortemente dependente da correlacao de projeto adotada.

Durante a operagao normal, a margem de projeto estabelecida deve ser continnamente monitorada
com o objetivo de proteger o reator contra a ocorréncia de DNB, de acordo com a especificagiio do
projeto.

As correlagbes empiricas sdo usualmente estabelecidas com base em dados experimentais. obtidos
em segdes de testes que procuram simular as condicdes geométricas e operacionais dos elementos
combustiveis. Na literatura, pode-se encontrar um grande nimero de correlagoes empiricas, sendo que
as principais correlagdes que tem sido adotadas pelos projetistas sio a W-3 (Tong, 1967) e a correlagdo
EPRI (Reddy e Fighetti, 1983), sendo esta tiluma adotada na forma inicialmente concebida ou com a
modificagiio sugerida por Pei et al.(1986), aqui chamada de LEPRI_MOD. A utilizagio destas
Manuscript received: December 1996. Technical Editor: Angela Ourivio Nieckele
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correlagdes exige o preciso conhecimento das condigdes térmicas e hidrdulicas locais do refrigerante,
nas condigdes operacionais do elemento combustivel. Considerando-se que o DNBR ¢ uma fungio de
inlimeras varidveis referentes a parimetros geométricos e operacionais da usina, a oblen¢do das
condigdes locais do refrigerante €, usualmente, feita através de programas computacionais de projeio
que utilizam a técnica conhecida como "andlise de subcanais”. Entre os programas adotados se
encontram os programas da linha COBRA (Rowe, 1971; Stewart et al, 1977), os quais tem sido
adotados de forma generalizada, ¢ os da linha THINC (Chelemer et al. 1967), de propriedade da
Westinghouse.

A complexidade dos programas computacionais mencienados tem impedido o monitoramento on-
line do DNBR. Desta forma, o procedimento usualmente implementado ¢ do tipo off-line e consiste no
cilculo a priori dos limites de seguranga do DNBR, utilizando-se os programas computacionais de
projeto, sob a hipdtese de vanadas condigdes operacionais, e, finalmente, determinando as curvas de
protegdo da usina, em fun¢do de mensuriveis varidveis de processo, para implementagiio no sistema de
operagdo da usina. Devido as grandes incertezas associadas com o inter-relacionamento dos diversos
pardmetros operacionais da usina, as curvas de protegdo sao usualmente estabelecidas com um elevado
grau de conservadorismo.

A grande preocupagdo com a operagio segura, porém eficiente, das usinas nucleares, tem levado os
pesquisadores & procura de meios de se monitorar, de forma on-line, o parimetro DNBR, para que o
operador possa, a cada instante, conhecer a margem de seguranga da usina.

Para um procedimento de verificagio on-line da margem de DNB, uma das alternativas
consideradas seria de se dotar o operador da usina de programas computacionais simplificados que
calculassem o DNBR em tempo real. Este método, no entanto, incorporaria as incertezas do calculo
usual do margem de DNB todas as incertezas do programa computacional simplificado. Obviamente,
esta técnica exigiria a operagdo da usina com margens de seguranga extremamente conservadoras.

Uma outra alternativa para este procedimento on-line pode ser a utilizagido da técnica de redes
neurais aplicada a determinagdo do DNBR. Kim e Lee (1993) analisaram esla possibilidade utilizando
dados tedricos fornecidos por uma correlagio empirica, acoplada ao programa COBRA-IV, para o
treinamento de uma rede para a execugdo desta fungdo. Embora promissor, este método adiciona as
incertezas da determinagdo do DNBR, utilizando a técnica detalhada de andlise de subcanais e da
determinagio de FCC com uma correlagdo empirica. todas as incertezas do treinamento de uma rede
neural utilizando um nimero limitado de casos rodados com o programa COBRA-IV.

O treinamento de uma rede neural, utilizando-se dados experimentais de FCC diretamente, pode
eliminar parte das incertezas associadas com a técnica de Kim e Lee.

'Hedes Neurais

Uma rede neural artificial (RNA) ¢ composta por elementos gue executam fungdes andlogas aos
‘peurénios biolGgicos. Uma RNA tem a capacidade de aprender complexas relagdes através de um
treinamento executado com um conjunto de dados experimentais composto de entradas e saidas. Além
disto, trata-sc de tarefa simples atualizar-se o desempenho da rede através de novos dados experimentais
que se tomem disponiveis. Como as redes neurais ndo requerem conhecimento preciso sobre o
fendmeno fisico. clas tem sido utilizadas em muitos campos da engenharia, tais como identificacdo de
‘padroes, controle, estimativa de pardmetros, etc. Existe uma vasta gama de literatura sobre tais assuntos.
'Entre os trabalhos mais relevantes, na drea de controle, pode-se mencionar o trabalho de Bhat e
‘McAvay (1990). Recentemente, a técnica de RNA foi utilizada por Moon et al., (1996) para analisar as
tendéncias paramétricas do fluxo critico de calor no escoamento em tubos redondos e verticais.

A Figura 1 apresenta um exemplo de uma tipica rede neural artificial para andlise de FCC. A rede
consiste de processadores newronais ou neurdnios. representados por circulos, e a informagao é
canalizada através das interconexdes ou simplesmente conexdes entre eles. Os quadrados sdo neurdnios
que simplesmente armazenam as entradas para a rede.

Cada neurénio possui uma memoria local que transforma as entradas do neurdnio em uma saida.
Este processamento é chamado de fungdo de transferéncia do neurdnio. Tipicamente, os neurbnios
executam duas fungdes principais. A primeira representa a somatdria. de forma ponderada, de suas
entradas, ou seja:

AI'
Sj =Zw¢b}xi (1)
i=/
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onde w,, representa o peso da entrada x; no neurénio .

¥y Xz W3 W 3

Fig. 1 Rede neural artificial tipica para anélise de DNBR

A segunda fungio consiste na transformagdo do resultado da somatéria através de uma funcdo cuja
saida estara normalizada entre 0 ¢ | e que seja diferencial em fungio da entrada. Usualmente, adota-se a
chamada fun¢do sigmoidal, F(s), isto é:

o )
Myl=——p= (2)
I+e

Estas fungoes de um processador neuronal sao apresentadas na Fig. 2.

fungdo sigmoidal

Fig.2 Fungbes de um processador neuronal

A fungido sigmoidal ¢ apresentada na Fig. 3.

Fig. 3 Funcéo de transferéncia de um processador neuronal

O treinamento {ou aprendizado)} da rede neural consiste na determinagio dos coeficientes w,;, com
base em pares entrada-saida de dados experimentais. O método mais importante adotado para este
treinamento consiste no méfrodo de retro-propagagdo (back propagation). Neste método, o treinamento
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é efenado através de sucessivas pequenas mudangas nos coeficientes. Considere que estejam
disponiveis M pares entrada-saida para treinamento da rede e, de forma geral, considere o desvio
quadrdtico, E, entre a saida da rede, z,, e o valor experimental, 1, desejado, para uma dada entrada para
a rede. Para uma rede com K parametros de saida, este desvio sera dado por:

£= 3 3 (em - o

m=1 k=l

O objetivo do treinamento consiste na minimizagdo de E com respeito aos pesos das conexdes da rede.
Para cada par entrada-saida que ¢ apresentado para a rede, os pesos sido alterados de acordo com a
expressio:

waj = w(T g Aw(”” @)
com
JoE
Awl" o (5)
ol m
R

As corregdes dos pesos, apresentadas na Eq. (5). sfo fornecidas pelas seguintes expressdes
usualmente adotadas:
a. conexdes entre camada intermedidria e de saida:

A""ﬂ-fﬂ’ﬂlF’(Sk ){szJ_rimJ)},‘rjmJ ()

b. conexdes entre camada de entrada e camada intermedidria:

K
At rm.i —nF (s, Z[P(‘g* )™ — glm) Jw‘j'l’,:”“] ™) o
k=1

Nestas expressoes, F'(5) representa a derivada da fungiio sigmoidal em fungdo de S e 1 é um
pardmetro de convergéncia a ser ajustado convenientemente.

Este método também é conhecido como método de descida de gradiente (gradient descent).

Tendo em vista a importancia do fenémeno de ocorréncia de fluxo critico de calor, experimentos de
simulagao, sob condigoes bem controladas, sdo fregiientemente realizados em circuitos
termohidrdulicos. O Heat Transfer Research Facility (HTRF), da Universidade de Columbia, operando
desde 1951, obteve reconhecimento mundial nesta drea de estudos ¢ experimentos.

Baseado nos dados de fluxo critico de calor, obtidos ao longo de mais de 20 anos pelo HTRF, o
Electric Power Research Institute (EPRI) realizou um trabalho de compilagio envolvendo 11077 pontos
experimentais, medidos em cerca de 235 sec¢oes de testes, simulando elementos combustiveis
caracteristicos de reatores nucleares refrigerados a dgua leve, a dgua pesada e a metal liquido (Fighetti e
Reddy, 1982a,b). Considerando-se os interesses do Programa Nuclear Brasileiro, foi feita uma selecao
dos dados experimentais e desenvolvido um Banco de Dados experimentais de fluxo critico de calor em
geometrias e condigdes operacionais tipicas de reatores do tipo PWR (Carajilescov, 1994a,b). Este
Banco de Dados consiste de 10790 pontos experimentais obtidos em 210 segdes de testes. A utilizagao
destes dados experimentais, para o treinamento de redes neurais. teve infcio com o trabalho de Valente
(1996). A principal limitagdo dessa rede preliminar consiste na dificuldade de sua implantagio no
processo de operagdo de uma usina nuclear devido & utilizagao do tipo de segdo de testes como varidvel
de entrada da rede. Além disto, foram abordados casos onde os experimentos apresentavam apenas
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vareias com aquecimento uniforme e auséncia de varetas frias. No presente trabalho, as vandveis de
entrada foram redefinidas com o objetivo de possuirem maior generalidade. podendo ser utilizadas, de
forma imediata, em reatores.

Arquitetura da Rede Neural

Ff\ arquitetura da rede neural adotada consiste de trés camadas de neurbnios, conforme apresentado
= I:lgo Iéstabcicc_imr:mo dos parfimetros de entrada, a maior preocupagio consistiu na definigio de
parametros que tivessem as seguinies caracteristicas principais:

* aplicagdo imediata para um reator real:

e parfimetros operacionais fornecidos pela instrumentagio do reator.
Os pardmetros de entrada foram divididos em cinco grupos:

e parimetros geométricos diretos;

* parametros de redistribuigio do escoamento;

* parimetros de distribuigdo de poténcia;

® parimetros de presenga de varetas frias; e

®  pardmetros operacionais.

Parametros Geomeétricos Diretos

Os parametros geométricos diretos considerados sio:
« ADHROD Didmetro das varetas aquecidas

« APITCH Passodo arranjo

= AZTOT Comprimento aquecido

Parametros de Redistribuicao do Escoamento
A Figura 4 apresenta uma tipica secio de (estes utilizada em ensaios para medida de fluxo critico de

calor.

Canal de
canto

Canal
interno

Canal
lateral

Fig. 4 Secio transversal esquemdtica de uma secio de testes

A presenca de diferentes tipos de subcanais na segio de testes ird produzir diferentes fluxos de
massa em cada um deles, provocando uma redistribuigdo do escoamento na segdo de testes. Esta
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!rmdlsmhuzqﬁu ¢ fungdo das dreas de escoamento disponiveis para cada tipo de subcanal, dos perimetros
" molhados e das grades que seguram as varetas,
Desta forma, os fatores associados a redistribuigio do escoamento sio:

* BETA Fragiio de drea ocupada pelos subcanais internos
¢« GAMA Fragio de perimetro molhado dos subcanais internos
e ALAMBDA Fator de grade

Estes fatores sdo dados por:

Z (Area_dos_subcanais_internos )

Area _total do _escoamento

B= (8)

Z( Perimetro_molhado_ dos_ subcanais _int ernos ) ©)
r =

Perimeire_molhado _total

£ ¢ :
l=2[f]fg,n (10)

N, = nimero de grades

» = localizagdo axial da grade “n"

L. = comprimento aquecido das varelas
C, »= coeficiente da grade “n”

Parametros de distribuicdo de poténcia

Estes pardmetros foram divididos em dois subgrupos envolvendo as distribuigoes radial ¢ axial de
poténcia dus varetas,

Pardimetros de distribuiciio radial de poténcia

A existéncia de picos radiais de poténcia tende a favorecer a ocorréncia de fluxo critico de calor em
‘suas proximidades. Desta forma. foram considerados os seguintes pardmetros de entrada:
* AFRAD Fator radial de poténcia da vareta onde ocorre fluxo critico de calor
* ASIGRAD Desvio padrio da distribui¢do radial de poténcia da segio de testes
»  XFRMAX(i) Parametro bindrio que indica a localizagdo do pico do fator radial de poténcia.
cujos valores sao dados na Tabela 1.
Tabela1 Localizagéo da ocorréncia do pico radial de poténcia

Localizagao do pico radial I=1 2 3 4
Aguecimento radial uniforma 1 0 0 0
Pico radial em subcanal interno 0 1 0 0
Pico radial em subcanal lateral 0 o 1 0
Pico radial em subcanal de canto 0 o 0 1

Parimetros de distribuicdo axial de poténcia

A distribuigio axial de poténcia € caracterizada por dois parimetros:



P. Carajilescov: Analise de Fluxo Critico de Calor em Feixes de Varetas. .. a7

= AFZMAX Valor maximo do fator axial de poiéncia das varetas

* AOFFSET Fator de desequilibrio axial da poténcia da vareta

Durante a operagdo de um reator nuclear, o fator de desequilfbrio axial de poténcia, usualmente
chamado de “axial offser” , I, é fornecido por dois detetores de fluxo de neutrons, localizados fora do
nicleo do reator, que, devido as suas localizagoes, fomecem @s e ¢, , que sdo medidas aproximadas da

poténcia gerada nas partes superior e inferior do micleo, respectivamente.,
Por definigao,

],;M. (1
b5+

As estimativas dos fluxos foram tomadas na forma:

I L
9, =—7I{L-z)q'{:)d:, (12)
Lo
e
/ b
c=—= |z q" (2)dz 13
s [__2.[0 q" (z) (13)

Nestas equagdes, L representa o comprimento aquecido da vareta ¢ ¢”(z) € v fluxo de calor local.
Estes valores podem ser facilmente obtidos das leituras dos detetores reais.

Parametros de Presenca de Varetas Frias

A presenga de varetas frias € caracterizada pelos parimetros:
* AFNCROD Razio entre o nimero de varetas frias pelo niimero total de varetas
* AFCHR Razao entre o didmetro das varetas frias pelo didmetro das varetas quentes

Parimetros Operacionais

Os parimetros operacionais s3o:

*  APEXIT Pressdo na saida da se¢io de testes

e AHIN  Temperatura da dgua na entrada da secéo de testes

* AGIN  Fluxo médio de massa do escoamento na secio de testes

Normalizagao dos Parametros

Usualmente, recomenda-se que os parametros de entrada da rede e os valores esperados de saida
sejam normalizados entre 0 e 1. Tendo em vista a utilizagdo da fungio sigmoidal, mostrada na Fig. 3,
observa-se que tal fun¢io apresenta um comportamento aproximadamente linear entre os valores 0,1 e
0.9, Desta forma, todos os parfimetros da rede foram normalizados dentro desta faixa, através de
interpolagiio linear. Para o parimetro genérico, x,. seu valor normalizado serd dado por:

0.9-0.1
Xinorm = 0.1 +(.\‘—]‘ Xj = i ymin ) (14)

imax ~ Ximin

onde X,,.. € X, representam os valores miximo e minimo entre todos os valores de x, considerados para
o treinamento da rede.

Os valores extremos dos parimetros da rede, utilizados nesta normalizagio, sdo apresentados na
Tabela 2.
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Tabela2 Valores extremos dos pardmetros da rede.

Parametro Minimao Maximo
ADHROD 8.81 mm 14,30 mm
APITCH 12.60 mm 18,75 mm
AZTOT 75cm 420 cm
BETA 0,0 1.0
GAMA 0,0 1,0
ALAMBDA 0,726 10,006
AFRAD 1,0 1.8
ASIGRAD 0.0 1.0
XFRMAX(i), i=1,4 0.0 1,0
AFZMAX 1,0 2.0
AOFFSET -0,20 0.20
AFNCROD 0.0 0,5
AFCHR 0.0 20
APEXIT 1,3 MPa 17,0 MPa
AHIN 150 °C 342°C
AGIN 34 Kgls/m® 950 Kg/s/m®
FCC.y (saida da rede) 0.0 315 wiem®

Conforme observado, tendo em vista o nimero de parimetros de entrada da rede, a camada de
entrada serd composta por 19 neurbnios. A camada de saida possui apenas um neurbnio fornecendo,
como saida, o fluxo critico de calor, o qual é comparado com o valor experimental, correspondente a
cada conjunto de entrada. O niimero de neurdnios da camada intermedidria (usualmente, chamada de
camada escondida) foi determinado como sendo igual a 4, através de experimentos numéricos, visando
uma melhor capacidade de aprendizado da rede. Usualmente, recomenda-se que o nimero total de
conexdes da rede ndo supere 10% do nimero de pares entrada-saida a ser utilizado no treinamento da
rede.

Resultados

A Tabela 3 apresenta a faixa de valores de pardmetros geométricos e operacionais considerados no
presente trabalho.

Tabela 3 Faixas de parA@metros geométricos e operacionais

Parametros Minimo Maximo
Diametro da vareta, mm 8.81 14,30
Passa entre as varetas, mm 12,60 18,75
Pressac, MPa 13 17.0
Fluxo de massa, Kg/s/m® 34 950
Temperatura de entrada, "C 150 342

Para a andlise e treinamento da rede neural desenvolvida, através do Banco de Dados desenvolvido,
foram localizadas 626 corridas experimentais, distribuidas conforme mostrado na Tabela 4.

Tabela 4 Casos selecionados para andlise

Caso Tipo de caso Numero de corridas
a Aquecimento uniforme, sem varelas frias 546
b Aquecimento uniforme, com varetas frias 65

o Aquecimento ndo uniforme, sem varetas frias 15
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Este conjunto de corridas foi dividido aleatoriamente em dois grupos, com o primeiro grupo,
contendo 506 corridas, utilizado para o treinamento da rede neural e o segundo, composto pelas
restantes 120 corridas, utilizado para o teste final da rede.

Os coeficientes da rede sio apresentados na Tabela 5.

Tabela5 Coeficientes da rede neural
a. Coeficientes entre a camada de entrada e a camada intermedidria, wy;

Entrada i/] 1 2 3 4

ADHROD 1 -1,3988 -0.4303 2,0846 -1,5130
APITCH 2 -6,6411 -1.9139 .2,0145 1,169
AZTOT 3 4,5041 7,7797 2,1445 -2,8020
BETA 4 5,8729 57556 57185 -1,6110
GAMA 5 3,6896 -1,0928 1,4003 1.4631
ALAMBDA 6 0,8000 -0.6628 1,621 2.4947
AFRAD 7 11719 1,6308 -3,1056 0.9849
ASIGRAD 8 0,4397 -4,8281 -6,2105 -1,3618
XERMAX(1) 9 0,9635 -1,2601 41,1503 -2,4911
XFRMAX(2) 10 34728 -0,8580 -0,6977 -0,8390
XFRMAX(3) 11 1,6828 -0,1162 -0,6815 -1,9903
XFRMAX(4) 12 1,8191 -0,1989 -0,8414 -1,9677
AFZMAX 13 7.8471 -3,1518 6,2064 -6,9979
AOFFSET 14 11,4214 -2.7879 -2,3316 7,0655
AFNCROD 15 1,2802 0,1607 -0,3511 -0,4352
AFCHR 16 -3,5807 -1.6618 -0,4478 -2,0756
APEXIT 17 22412 3,7997 23121 3.2161
AHIN 18 2,3153 4,8150 -1.1734 1,011
AGIN 19 -5,9049 -3,3919 3,8606 20,9258

b. Coeficientes entre a camada intermediria e a camada de saida, w;

ki/j 1 2 3 4
1 -6,9094 -1,6078 54433 7,2267

A Figura 5 apresenta o valor do DNBR em funcdo do nimero das corridas de teste. Pode-se
observar que os valores obtidos ficam muito proximos da unidade, com algumas corridas apresentando
resultados discrepantes, os quais podem ser atribuidos a imprecisdes experimentais € que, certamente,
poderiam ter sido descartados através da aplicagdo do critério de Chauvenet.
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Fig. 5 Comparagéo de resultados para o grupo de corridas de teste
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As Figuras 6 (a,b,c) apresentam comparagdes entre os valores experimentais e aqueles fornecidos
pela rede neural, para os trés tipos de casos mencionados.
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Fig. 6 Comparagao entre dados tedricos e experimentais
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Destas figuras, pode-se observar que a dispersdo dos dados experimentais em relagdo aos valores
fornecidos pela rede neural € bastante reduzida. No caso de aquecimento ndo uniforme, observa-se que
alguns pontos sio discrepantes em relagdo ao valor esperado. Este fato pode ser atribuido a dois fatores
principais: primeiro, hi um reduzido mimero de pontos experimentais para o treinamento da rede,
obtidos em apenas 3 se¢les de testes; e, segundo, hd uma razodvel incerteza na localizagdo de
ocorréncia experimental do fluxo critico de calor, acarretando incerteza no valor do fluxo critico
utilizado para o treinamento da rede. Apesar disto, os resultados podem ser considerados satisfatdrios.

A Tabela 6 apresenta uma comparagio entre os valores médios e desvios-padrio da razio entre os
fluxos criticos experimentais e os valores teéricos fornecidos pelas correlagdes EPRI, EPRI_MOD,
utilizando o programa COBRA-IV (Carajilescov, 1996), e a presente rede neural, para os diversos casos
analisados.

Tabela 8 Comparagao entre os resultados fornecidos por correlagbes e a rede neural

Caso Modelo u a L
EPRI 113 0.149 0,132
a EPRI_MOD 1,005 0.153 0,152
Rede Neural 0.998 0,074 0,075
EPAI 1,370 0,195 0,142
b EPRI_MOD 1.283 0,203 0,158
Rede Neural 0,987 0,073 0,074
EPRI 1.160 0,160 0.138
c EPRI_MOD 1,062 0,228 0.215
Rede Neural 1,090 0,225 0,207
Todos EPRI 1,157 017 0,148
05 EPRI_MOD 1.036 0,182 0,176
casos Rede Neural 0,999 0.082 0,082

Destu tabela, pode-se observar que a média da relagido entre os valores experimentais e os valores
tedricos do fuxo critico de calor, dado pela rede neural. se encontra muis préximo da unidade do que
agueles fornecidos pelas correlagdes analisadas. Além disto, os desvios-padrio sdo sensivelmente
menores, em todos os casos considerados.

Conclusoes

O presente trabalho apresentou o desenvelvimento de uma rede neural artificial para a simulagdo de
fluxo critico de calor em escoamentos ao longo de feixes de varetas, com objetivo de expansdo para
aplicagdo no projeto termohidriulico de reatores nucleares do tipo PWR e, em particular, para o reator
INAP-11, sendo desenvolvido pelo CTM/SP,

Diversas observagoes importantes foram feitas através deste estudo:

® Redes neurais representam uma ferramenta muito util para a predigio e andlise de fluxo critico
de calor. O espalhamento observado entre os dados experimentais e o valores fornecidos pela
rede ¢ sensivelmente menor do que aquele fornecido pelas correlagdes EPRI e EPRI_MOD,
Além disto, o valor médio do DNBR fornecido pela rede neural se encontra bastante préximo da
unidade, enquanto a correlagio EPRI, para esta faixa especifica de pardmetros, subestima o
valor dos fluxos criticos de calor.

e Comparando-se o presente trabalho com a anilise efetuada por Valente (1996), pode-se
observar que a utilizagdo de parimetros de entrada, baseados nos fendmenos fisicos que
eventualmente possam ocorrer no escoamento em feixes de varetas, torna possivel obier-se
resultados de qualidade com a utilizagio de um mimero significativamente menor de entradas.

* A utilizagdo de um niimero menor de entradas, assim como um nimero menor de neurdnios na
camada intermedidria, faz com que o treinamento da rede neural seja sensivelmente mais rapido.
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Abstract

This paper presents a discussion related to certain geometricatly nondinear formulations often found in the literature
for combined flexure and torsion of thin.walled open prismatic bars, puinting oul some inconsistencies that arise
[from the character of the approximations and introducing the required changes in order to obtain a formudation en a
more consisient bl]'.ﬂ"],

Keywaords: Thin-Walled Bars, Combined Flexure and Torsion, Geometric Nonlinearity.

Resumo

Apresenta-se neste trabalho uma discussdo envolvendo certas Jormulagdes fregiientemente utilizadas no estudo da
flexo-torgdo com nae-linearidade geométrica em hastes prismiticas de paredes delgadas com se¢do aberta,
apontando-se inconsisténcias de ordem de grandeza nas aproximagoes consideradas e introduzindoe-se as
madificagdes necessdrias a obtengio de uma formulagdo de cardter mais consistente.

Palavras-Chave: Hastes de Paredes Delgadas, Flexo-Torgdo, Ndo-Linearidade Geomérrica.

Introducao

A instituicdo de formulagdes geometricamente nio-lineares para a andlise do comportamento de
hastes de paredes delgadas com segdo aberta sob flexo-torgdo tem sido objeto de pesquisa por diversos
autores. Muitos deles, tais como Vlassov (1962), Rachid (1975), Mor (1978) e Gjelsvik (1981),
interessados na obtengao de carga critica em problemas de flambagem por flexo-torgdo, levam em conta
a ndo-linearidade geométrica apenus no estabelecimento das condigbées de equilibrio. Entretanto,
quando se deseja proceder a uma andlise ndo-linear completa, ¢ imprescindivel introduzir a nio-
linearidade ndo s6 nas condigbes de equilibrio como também nas relagdes deformagiio-deslocamento.
Desta forma. no estudo da instabilidade eldstica, além da carga critica, poder-se-4 detectar pelo menos o
inicio de caminhos pos-criticos.

Propostas de formulagdes para tal modalidade de andlise ndo-linear também sdo encontradas na
literatura. Diversos trabalhos, com enfoque predominantemente numérico, apresentam matriz de rigidez
que permite andlise ndo-linear geométrica. Dentre eles, podem-se citar os de Yang e Mc Guire (1986) e
Conci (1988), sendo este Gltimo mais abrangente do que o primeiro, pois leva em conta ainda a nio-
inearidade fisica. Outros trabalhos. embora taumbém tenham por objetivo a andlise numérica.
apresentam inicialmente uma formulagdo analitica para obtencdo de equagdes diferenciais de flexo-
tor¢do em hastes de paredes delgadas com segilo aberta. Em tal caso enquadram-se os de Rajasekaran
(1977) ¢ Attard (1986).

As formulagdes apresentadas nos quatro dltimos trabalhos citados foram desenvolvidas, mediante a
utilizagdo do Principio dos Trabalhos Virtuais ou do Principic da Energia Potencial Total Estaciondria,
para andlise estitica do comportamento nao-linear das hastes prismaticas de paredes delgadas com
secdo aberta sob flexo-tor¢do. No entanto, tem-se observado, por vezes, no desenvolvimento desses
tipos de formulagio, certas inconsisténcias de ordem de grandeza nas aproximagdes realizadas. Eo que

Manuscript received: December 1995, Technical Editor: Agenor de Toledo Fleury
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acontece, por exemplo, com o trabalho de Rajasekaran (1977). Com efeito, apesar de serem nele
empregadas relacdes deformagio-deslocamento da Teoria Nao-Linear da Elasticidade, ¢ adotado,
entretanto, 0 mesmo campo de deslocamentos da teoria de Vlassov para a andlise linear. Na verdade, ao
serem mantidas as mesmas hipdteses bésicas da teoria linear, surgem, consisteniemente com o uso das
relagbes deformagao-deslocamento da Teoria Nao-Linear, termos nao-lineares no campo de
deslocamentos, cuja nio inclusdo implica que deixem de ser considerados, na expressdo resultante para
a componente de deformagio €,, alguns termos ndo-lineares da mesma ordem de grandeza de outros
nela presentes, acarretando, portanto, uma aproximagdo de cardter inconsistente - circunstincia esta
inclusive salientada por Attard (1986). Outro aspecto que merece destaque € o fato de a formulagao de
Rajasekaran, por envolver somente deslocamentos de pontos situados na superficie média da haste, nio
permitir uma unificagdo natural das teorias de Vlassov e de Saint-Venant.

Essas observagdes serdo comprovadas através de uma comparagdo entre as formulagbes
apresentadas por Rajasekaran (1977) e pelos autores (esta dltima aqui desenvolvida na forma de uma
versio modificada do trabalho de Polillo, 1991). A fim de facilitar tal comparagfo, utilizar-se-4, no
desenvolvimento da formulagio de Rajasekaran , a mesma notagio e convengiio de sinais adotadas em
Polillo (1991). Tais informagdes podem, alternativamente, ser obtidas também no conjunto de artigos
anteriores dos autores listados nas referéncias.

Em apéndice apresentam-se os referenciais utilizados e os dados geométricos inerentes & se¢do
transversal da barra. Definem-se ainda relagoes entre coordenadas, propriedades da se¢do e outras
grandezas necessarias para melhor acompanhamento do texto.

Comparacao entre as Formulagdes Apresentadas por Rajasekaran
(1977) e pelos Autores

As formulagdes que serdo comparadas foram desenvolvidas mediante a aplicagio do Principio dos
Trabalhos Virtuais. De acordo com este principio, tem-se a igualdade entre o trabalho virtual externo e
o trabalho virtual interno, ou seja:

W, = BW,- (h

Considerando que as relagdes deformagio-deslocamento efetivamente utilizadas na formulagio do
problema em estudo envolvem somente as componentes de deformagio ©, e 'y ., pode-se escrever
para o trabalho virtual interno:

W, = [ (o, 8, + 1, 8y,)dV, @

com V simbolizando o volume da barra e oe, ¢ oy, representando variagbes nas componentes de
deformagiio € e y .

Campo de Deslocamentos e Relagdes Deformagao-Deslocamento na Formulacio de
Rajasekaran (1977)

Em seu trabalho. Rajasekaran parte das relagoes deformagao-deslocamento gerais da Elasticidade
Nao-Linear, expressas em termos das derivadas dos deslocamentos, ou seja (ver, por exemplo,
Novozhilov, 1961):

(3a)
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b | =~
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—
¥ ¥
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% SEL= LB |

Yo = [1 + ﬁ] L. [z + ﬁ] § Mo My (3b)
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sendo u,. u,, u, as componentes do deslocamento de um ponto genérico da barra segundo as dire¢des
X, n e s . Desprezando du, /v em presenga da unidade e desconsiderando a variagio dos
deslocamentos ao longo da espessura, chega-se entdo s seguintes expressoes utilizadas pelo referido
autor:

o4,

(57 (3]

(4b)

% T e & o

gy i B B B
onde " * " encimando uma letra indica o valor. na superficie média, da grandeza por ela denotada.
Observe-se que foi mantida na Eq. (4b) a derivada di, / ds em presen¢a da unidade. Entretanto, tal
derivada, em raziio da expressdo adotada para &, (ver a Eq. (5¢) onde, de acordo com a figura
apresentada no Apéndice, are 1, sao constantes ao longo de cada trecho na segio), resulta efetivamente

nula.
O campo de deslocamentos adotado por Rajasekaran é o mesmo da teoria de Vlassov para a andlise
linear:

d, = —vy-—wi-o¢w {5a)
U, = veos 0+ w sen & — Or, (5b)
U, = —vsen o+ weos @&+ ¢r,, (5¢)

onde u, v, w e ¢ representam respectivamente a translagio da linha média da seg¢do na diregdo x , as
componentes nas diregdes y e z do deslocamento do centro de cisalhamento da secfio e o fngulo de
torgao da seg@o. Cabe ressaltar que as expressbes (5b, ¢), como se observard adiante, agora ndo mais
atendem rigorosamente & hipétese, adotada na teoria linear, de que a projegiio do confour sobre seu
plano original nio se altera durante a deformagio. Analogamente, a expressdo (5a) de u, nio mais
satisfaz a hipditese de Vlassov de distor¢io ¥ ., nula na superficie média y,, = vj. Tal componente de
deslocamento provém, na verdade, da equagio:

%, o,
., O

=10 6
oy x ©)

que somente na andlise linear representaria, de fato. a condigio de nulidade du distor¢do y . na
superficie média. O ndo atendimento preciso pelo referido autor na sua formulagdo s duas hipdteses
acima citadas, embora afirme nelas basear-se, acarreta, como se verd mais adiante, a auséncia, na
expressdo de €, , de termos da mesma ordem de grandeza de outros nela presentes.

Levando as igualdades (5) nas Egs. (4). ¢ considerando as relagdes (A-2) e (A-3) do Apéndice, €
€ ¥, GSSUmem o aspeclo:

- L s w2
5 du I |(oa i, & i
£ fit E: = X & A + A = ”, o pn?y = W”Z e ¢”(f) +

x 2|\ ok ox

(v2 4 w? v 920 - 2verd+ 2w i) (Ta)

+
b | =
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: i,
yk.l‘ = y].\' -

ft

dv o

= —¢(veosa+w sena- ¢'r), {(7b)

com 1 e { definidos por (A-1). Verifica-se, assim, na expressio (7b), que Y resulta ndo nula. Com
relagdo a essa mesma expressdo, ¢ importante ainda salientar que a nao previsao de variagio do campo
de deslocamentos na espessura impede o surgimento natural da parcela 2 @' n, correspondente & tor¢ao
de Saint-Venant. Ja no caso da componente £, ., pode ser, de fato, desconsiderada sua variagio na
espessura,

Campo de Deslocamentos e Relacdes Deformagio-Deslocamento Consistentes com a
Manutencio das Hipoteses Bisicas da Teoria Linear

Passa-se a examinar, a seguir, a questio do campo de deslocamentos e das relagdes deformagio-
deslocamento compativelmente com a manutencio das mesmas hipdteses basicas da teoria linear
(distor¢do y ., nula na superficie média e indeformabilidade da projecdo do contour) e focalizando o
problema no @mbito da chamada teoria de rotagdes moderadas. Nesta abordagem procura-se nio so
atender efetivamente as hipGleses béasicas como também unificar de uma maneira natural as teorias de
Vlassov e de Saint-Venant.

No ambito de rotagdes moderadas (ou seja, pequenas componentes de deformagio e pequenos
angulos de rotagdo dos segmentos elementares, sendo estes dngulos, no entanto, consideravelmente
maiores do que aquelas componenies), as relagoes deformagio-deslocamento da Teoria Nao-Lineur da
Elasticidade para as componentes £, e ¥, ficam assim expressas em termos das derivadas dos
deslocamentos (ver, por exemplo, Garcia e Villaga, 1995):

b e g 2 {‘*‘" ]2 " [ﬁf (8a)
iR | o

o, O o, du,
G e e e v il o .
oy dt dx s
Considerando-se a hipdtese de Kirchhoff da Teoria das Placas, segundo a qual linhas retas normais
a superficie média antes da deformagio permanecem retas, indeformadas, e normais & superficie média
apés a deformagio, o campo de deslocamentos da haste pode ser escrito na forma:

(8b)

Up = Uy — 1 atl;: (9a)

=ik, (9b)
A o

U, = t, = n 3: , (9¢c)

Substituindo as expressoes (9) nas Eqgs. (8) e desprezando, como € usual, a variagdo de £, na
lespessura da parede, obtém-se entio:

P R A I A N A

: E_‘ = 8_‘, = j‘t_ + E [[ (?x ] + [8‘] j| {loa)
ax . D - 2

Ve = o, + & = 2n LD + Ry Ay ‘ (10b)



V.R. Polillc et al.. Discussé@o sobre Formulagbes Geometricamente Nao-Lineares ... 107

Como ja foi frisado anteriormente, ao serem adoladas as expressoes (5b, c) para as componentes de
deslocamento z, e u,, ndo mais se observa o atendimento preciso A hipétese de que a projegdo do
contour sobre o seu pi’ ano original permanece inalterada com a deformagio; as expressdes efetivamente
compativeis com tal movimento de corpo rigido, no dmbito da teoria de rotagdes moderadas, escrevem-
se:

2
U, = veosa + wsen & — ¢r, — ?.?—r,, (11a)
. ¢’
Wy = — vsen o+ w oy o — = et o, (11b)
as quais sao obtidas das expressdes gerais
U, = vecosa+ wsen a— (sen §)r, — (I - cos ¢)r, (12a)
U, = = vsen o+ weos @@ — (I — cos @lry + (sen ¢)r, (12b)

]

¢

2

mediante as aproximagoes sen ¢ = @, | - cos ¢ = (note-se que para obtengdo das expressoes
(5), da teoria linear, faz-se [ — cos ¢ = ().

A expressao de u, . por sua vez, serd instituida visando ao real utendimento i hipétese de Vlassov
de que ¥, = 0. Paran =0, aEq. (10b) fornece a expressdo de ¥ .. igualando esta \iltima a zero,
Vem entao:

+ =0 (13)

donde
My _ _ﬂ_f“;ﬂ.i‘i&_ (14)
ds 129 v o5

Substituindo na equagdo acima as expressoes dadas em (11) para u, e u, e, coerentemente com o nivel
de aproximagdes envolvendo as relagbes deformagido-deslocamento na teoria de rotagdes moderadas,
retendo apenas os termos lineares e quadriticos em u, v, w. ¢ e suas derivadas, tem-se:

&:' ‘
—L =vsena-woosa+ opr,— ¢, +
ds
+(V cosa+w sena— 9 r)o (15)
ou
aﬁ.r — ¢ o . e ’ = ot £ x
—L = (v+ow)sena— (w -9 v)cosa— ¢ r,. (16)
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Integrando, entdo, em relagio a s , obtém-se u#, na forma:

Uy =u~0,y-0,7 -¢ o, (17
onde

e, =v + 0w (18a)

9_‘. =w - ¢ v, (18b)

forma essa diferente, portanto, da apresentada na Eq. (5a).
Tendo em vista as expressdes de U, u, e u,, dadas nas Eqs. (17) e (1la, b) respectivamente, e
também as relagdes (A-2) e (A-3), a exprcssﬁo (10a) para a componente de deformagio & se escreve:

E,=u —-0.y-0,2z-¢" 0+

+ é (72 + w2 4 0207 = 2v 9L+ 2w o) (19)
ou, finalmente, com base nas expressaes (18),

£x = u! S [“_ﬂ 3 “'i’ ¢! = ¢ H—‘”)j’ = (“Ift 2 \" ¢.r - ¢ l'”)f =

—¢" W+ g(rc.’ + wo2 4t ¢;2 r? g 2‘.!¢r é'_'_ 2w ¢) ;])' (20)

retendo-se mais uma vez apenas os termos lineares ¢ quadriticos nos deslocamentos incgnitos e suas
‘derivadas.

Comparando-se as Eqs. (7a) e (20), observa-se, como conseqiiéncia do correto atendimento as
hipdteses basicas, o surgimento de termos na segunda equagio gue ndo estdo presentes na primeira, ndo
~obstante serem, para efeito de desenvolvimento da formulagio, da mesma ordem de grandeza de outros
‘termos nio-lineares presentes em ambas, ¢ que ndo deveriam, portanto, ser ignorados. Mesmo que nas
‘aplicagOes praticas alguns desses termos venham eventualmente a revelar-se de pequena monta em
‘comparagio aos demais, nio hd argumento que permita a priori desprezd-los. Desta forma, percebe-se
‘uma inconsisténcia de ordem de grandeza nas aproximagoes realizadas no desenvolvimento da
(formulagio de Rajasekaran.
. Poroutro lado, em virtude da Eq. (13), a relagdo (10b) assume agora a forma:

Y _-2;182‘;" (21)
" dxos
A substituicio, nesta relagio, da expressio de g, , dada na Eq. (11a), conduz a
Yos = 20" n, (22)

constatando-se, assim, além do preciso atendimento a hipétese de 5’:.: = 0, o fato de que a parcela de
distorgdo associada a torgio de Saint-Venant é gerada espontaneamente. Somente com a previsao de
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variagdo linear de w, e w, na espessura, como mostram as Eqs. (9a, c¢), € possivel unificar de uma
maneira natural as teorias de Vlassov e Saint-Venant.

Equacdes Diferenciais No-Lineares para a Flexo-Tor¢io e Condigdes de Contorno

Retorne-se, agora, ao campo de deslocamentos adotado por Rajasekaran, o qual acarreta ¥ ., nilo
nula (ver a expressio (7b)). Coerentemente com isto, tem-se, entdo, a seguinte expressao para o
trabalho virtual interno:

oW, = I [Uz &x + Ty 6?.\1)‘“”- (23)
v

Apds substitui¢io na igualdade acima das relagdes (7), posterior integragdo sobre a drea da segiio e
uso da nomenclatura apresentada nas Eqs. (A-5) para as integrais de tensdes normais e de cisalhamento
sobre a drea da segdo, ¢ possivel escrever a expressio do trabalho virtual interno na forma:

f
W, = J' (N&u‘ - M. "+ M, W - B + VN +
i )
FWNGY + 9 KO + ¢ My &' + v My 86" +
O MW W M8 - vV 8-V, &+

FWV B0+ 9V, W + 6 RO+ ¢ R )dx. (24)

Cabe salientar que a parcela na expressio (23) envolvendo T, e &Y, gera, na igualdade (24), os
termos contendo as integrais V, .V, ¢ R de tensbes de cisalhamento sobre a drea da segio. O
aparecimento destas grandezas ]c»a A necessidade de se utilizarem, no desenvolvimento da formulagdo,
relages entre Lais integrais e integrais de tensdes normais, que sé podem ser extrafdas mediante
consideragdes de equilibrio. fazendo assim com que o procedimento empregado se afaste da sua forma
padrao. que gera espontaneamente ¢ de forma implicita tais condigbes de equilibrio. A isto, que por si
s6 ja € digno de mengho, acrescenta-se o fato de que a express@o efetivamente utilizada por Rajasekaran
para 8W,; tem a forma seguinte:

i
W, = J' (Nou' = M 8" + M, 64" ~ BSY" + v' N &' +
i s

+W NW + ¢" K8 + ¢ My + v M, & +

YO MW W M B0 V'V, 80— 0V, &+

+w' V, 89+ oV, 8w - T 697 ax. (25)

onde se observa a auséncia dos termos relativos & grandeza R que estdo presentes na Eq. (24),
abandonados pelo referido autor sem qualquer justificativa explicita. De outra parte, fica também
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comprovado o fato de que, em virtude de o autor ndo considerar a variagio de u, ewu, (e
conseqiientemente de ¥ ) na espessura, o terma envolvendo o lorsor de Saint-Venant (=¥ &') nio
surge na expressao do trabalho virtual interno de forma natural. :

Para o trabalho virtual externo, Rajasekaran utiliza a seguinte expressio:

‘ .
oW, = J. (q_‘. Su + g, v + g. 5&{) dx +
by :

+|FoBu + Fy b0+ F. S0 — M; 80 — M, &' + M, 5w - B 8¢'] (26)

‘
0’
onde g,. ¢, ¢ q. representam o carregamento de dominio e a barra superior é utilizada para identificar
us suiiciwr,‘ées prescritasem x = (0 e x = £,

Efetuando na expressio (25) de oW, uma ou duas integragdes por partes nos termos contendo
variagdes de derivadas, igualando em seguida u expressdo resultante a de oW, , dada na Eq. (26),
impondo as relagdes v, = M_, ¥V, = — M, e considerando que as variacdes &u, Ov, dw, 8¢ sio
arbitrdrias no dominio, obtém-se, de acordo com a formulagio de Rajasekaran, as seguintes equagdes
diferenciais de flexo-torgfio, expressas em lermos das integrais de tensdes:

N = o~ (27a)
M2+ (6M,) + (VN) + 2z (¢'N) = —q, (27b)
-M7+ (M) + (WN) -y (0°N) = - g, (27¢)

T”J - B" - \-'.”MI\. vt W”M‘. — % (F’N) i Ye (WIN) .

~(¢'K) = 0. (27d)

Da mesma igualdade resultam ainda as condigdes de contorno:

N-F =0 ou u=un (28a)

F

M +(pM,) +VN+ 2, N-F, =0 ou v=7 (28b)

-M, + (M) + wN~y, ¢'N- F. =0 ou w=Ww (28¢)
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T _ g VM = WMy~ 2V N+, W N-

~¢'K-M:=0 ou ¢=¢ (28d)
M.-M,=0 ou v =¥ (28e)
My -M, =0 ou w=Ww (28f)
B-B=0 ou ¢ =¢. (28g)

Por outro lado, introduzindo, agora, na Eq. (23) (com &y, em lugar de 8y, ) as relagdes
deformagio-deslocamento modificadas (19) e (22), obtém-se, em lugar de (24), a seguinte expressido
para ow, :

’
oW, = J (Nouw - M. 80% + M, 80 - BSY" + v'N&' + w NS + ¢ K69 +
"

O My & v My 00+ @ My W+ W My 89— T”’&p') de.  (29)

Por sua vez, a ex pressén pura ow, se escreve:

oW, = J::(q_t S+ q, 0 + g, &-‘)dr +

+[F 6u + Fyova F, 0w — Mg 80 - M, 80, + M, 50, -E&p'];. (30)

A utilizagdo do Principio dos Trabalhos Virtuais conduz também neste caso as mesmas equagdes
diferenciais (27). Quanto as condigoes de contorno (28), sofrem alteragdes apenas as expressies (28e, f)
onde aparecem, respectivamente, 8, = g, ¢ 6, = g em lugar de v’ = v " e w' = w'. No
entanto, deve-se ler em mente que as integrais de tensdes normais em (27) e (28), ao serem escritas em
fungdo de deslocamentos (ver Eqs. (A-5)), analogamente se apresentam com 6] e 8 em lugar de
v e w”. Nio é demasiado repetir que, para obtengdo de seus resultados, além de niio prever o
surgimento natural do torsor 7'/’ na formulagiio, Rajasekaran eliminou, sem qualquer explicagiio, os
termos envolvendo a grandeza R e, ainda, teve necessidade de introduzir as relagées de equilibrio
V., = M_ e V. = — M, nao pertinentes ao procedimento utilizado.

-

Consideragoes Finais

No presente trabalho, mostrou-se que o nio atendimento efetivo as hipdteses basicas da teoria de
Vlassov determina a auséncia, na expressio resultante para a componente de deformagio £, ., de termos
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nio-lineares da mesma ordem de grandeza de outros nela presentes e que, para efeito de
desenvolvimento da formulagdo, ndo deveriam, portanto, ser ignorados,

Salientou-se ainda que, para permitir uma unificagdo natural das teorias de Vlassov e de Saint-
Venant, deve-se prever a variagio linear das componentes de deslocamentos u, e u, na espessura,
implementada mediante a introdugao da hipdtese de Kirchhoff. Com efeito, somente desta forma serd
possivel gerar espontaneamente a parcela de distorgdo associada & tor¢do de Saint-Venant

A formulagdo aqui descrita observa os dois aspectos acima mencionados. Por fim, é oportuno deixar
bem claro o real sentido das criticas contidas no presente trabalho. Em momento algum pretendeu-se
afirmar que a formulagdo de Rajasekaran. em termos priticos, ndo deva ser aplicada. O gque se
argumenta € o fato de que o desenvelvimento de uma formulagiio deve ser feito na forma mais
consistente possivel. Ao serem desconsiderados, por quaisquer razdes, termos que, por coeréncia com o
nivel de aproximagdes realizadas, em principio ndo deveriam sé-lo, tornar-se-ia necessdrio apontar os
motivos ou mesmo apresentar resultados que justificassem tal procedimento.
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Apéndice

Consideram-se, neste trabalho, hastes prismaticas de paredes delgadas, com se¢fio transversal aberta
constituida de trechos retos lengos, cada qual com espessura constante. A Figura 1 mostra uma segdo
genérica, os referenciais utilizados e outros dados geométricos inerentes a secdao. E conveniente
esclarecer que C € o centroide da segiio e E. o centro de cisalhamento, cujas coordenadas segundo os
eixos y e z sdo y, e 7, respeclivamente.
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C

-

Yy

Fig. 1 Segdo transversal da haste com os sistemas de referéncia e outros dados geométricos

Verificam-se as seguintes relagoes entre as coordenadas de um ponto genérico P no contour (linha
meédia da segio):

=%~y C=i-2 (A-1)
-

o = é'sen a+ neosa, ro= é’cox a - 1 sen & (A-2)
¢ também

vl =0+ = (A-3)

A notagdo (*) € unlizada para identificar o valor de uma grandeza para n = 0, ou seja, na linha
méedia da segio.

Cabe ainda observar que, além dessas coordenadas, considera-se uma coordenada generalizada
associada ao ponte P :a drea setorial m, dada por

P
w = I r, ds, (A-4)

avaliada tomando para pdlo o centro de cisalhamento E da seciio e para ponto setorial inicial P, um
centrdide setoral.

Integrais das Tensoes na Se¢ao

Definem-se as seguintes integrais de tensoes normais e de cisalhamento sobre a drea A da segao:
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g s
N = jox dA = EA [u’ + % (L + w4 2z, v = 2y, w’o)’” +
A

+EI 0" (A-52)
L EQ
M, = - j o IdA = Ef; (9’ -we)+ EI, [9’,, + v’¢’] = _21 0’2
i 2 . v @
(A-5b)
F i
M, = J G, dA = - E1,(0, - w¢)— El, (8, + v ¢)+ % ¢’
: v (&
{A-5¢)
E «
B = ja\ wdA = — El,¢” + —?A 0? (A-5d)
A £

i 2 5
K = J' o, r°dA = Ed, [u' + = (1-‘“ +w + 2.9 = 2y, H-"I’P')j| =
& |

—EQ.(8; - w¢')-EQ, (6, + v ) - EQ, 0" + fzﬁf- ¢’ (A-Se)
My = — Lo’x CdA = M, + 2, N (A-5f)
M; = Lax ndA = M. - y, N (A-5g)
i~ 3 Lrn ndA = - Glp ¢ (A-5h)
1"|]H = - LI'JU sen o dA (A-51)

Ve, = J' T, Cos xdA {A-5))
A
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R = I To 7y dA (A-5K)
A

onde E e G designam, respectivamente, os médulos de elasticidade longitudinal e transversal do
material da barra e sdo utilizadas as seguintes propriedades geométricas da segdo transversal (com
dA =1 ds)

= 2a, 1 =[P, - [ 52aa: (A-6a)

A A - A
2 e 2

f,:IrdA. J,-:I—-d:. !n,:_[m dA ; (A-6b)
A s 3 A

Q,.:Jfrzdf!. Q:=j_;r?d.4. Qm=j wrldA; (A-6c)

g A A A

R, = J' FdA. (A-6d)
A

Note-se que as expressdes das integrais de tensdes, segundo Rajasckaran, seriam as aqui
apresentadas com V' e w", respectivamente, em lugar de 8, = v" + w o+ dw" e

U, =w —ve -ov.
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Abstract

This work deals with a system of rigid multibodies subject 1o collision with a rigid vbstacle. The methodology of
Maggi-Kane is employed to derive the equations of motion. In the instant of the collision the problem is rewritten in
rerms of impulse and percussion in order to obtain a jump condition in the velocity. Besides the jump condition, a
constitulive equation that relates the velocities before and after the collision is also postulated; it assumes that in the
shock energy is not generated. This avoid the paradox described by Keller (1986) in which the energy increases with
the shock. Both jump condition and constitulive equation can be written in form of a system of algebraic equations
called jump conditions and inclusion in a convex set. The differential equations of motion are solved using the
technique of operator split and it is compared 10 the one proposed by Moreau ( 1985).

Keywords: Collision, Dynamic of Rigid Multibody Systems. Maggi-Kane Method. Operator Split.

Resumo

Neste trabalha estudu-se o problema da dindmica de um sistema de multicorpos rigidos sujeito a colisdo com um
obstdculo rigido. Emprega-se a metodologia de Maggi-Kane para se estabelecer as equagies do movimento. Ne
instante do choque o problema € descrito em termos de impulsos e percussoes de mode a se obter uma condi¢do de
salto na velocidade. Além da condigde de salto postula-se uma equagdo constitutiva para assegurar o cardrer
dissipative do chogue. evitando-se, desse modo, o paradoxo descrito por Keller (1986). Resolvem-se as equagies
diferenciais do movimento empregando-se um algoritmo baseado na decomposicio de operadores e compara-se com
aguele proposto por Moreau (1985 ).

Palavras-chave: Colisdao, Dindntica do Sistema de Multicorpos Rigidos, Método de Maggi-Kane, Decompaosi¢do de
Operadores.

Introducao

Neste trabalho considera-se um sistema de multicorpos rigidos, interconectados por ligagdes. sujeito
a colisdes com um obsticulo rigido. Emprega-se o método de Maggi-Kane para obter as equagdes do
movimento e, no instante da colisdo, transforma-se o problema em termos de impulso e percusséo, a fim
de se obter uma condigdo de salto na velocidade. Neste instante, a velocidade deixa de pertencer ao
conjunto convexo dos movimentos virtuais. Para trazé-la para o convexo, deve-se empregar, além da
condigio de salto, uma equagiio constitutiva que relacione as velocidades anterior e posterior ao choque
através das condigoes de vinculo e de coeficientes que traduzam o choque entre os corpos como sendo
um fendmeno nio conservativo. Portanto, deve-se incorporar nessas equagoes constitutivas coeficientes
que reflitam o nao crescimento de energia devido & propagagio de onda de deformagio nos corpos do
sistema, efeitos térmicos, ete, evitando-se com isto, o chamado puradoxo da energia relatado na
literatura (Keller, 1986), no qual a energia do sistema aumenta apés a colisio. Considera-se neste
trabalho a colisdo entre dois corpos como sendo instantinea. pontual e acontecendo num ponto
conhecido. E, adota-se como equagdo conslitutiva para o choque a relagdo entre as velocidades
Eoslcrior e anterior ao choque apresentada nos trabalhos de Lotstedt (1982), Haug et al., (1986) e
Pfeiffer (1992). Como as equagbes do movimento sdo representadas por dois sistemas de primeira
lordem, implementa-se um algoritmo bascado na decomposi¢io de operadores e comparam-se os
resultados com aquele proposto por Moreau (1985).

Formulacao do Problema

Descricao do Problema

Considera-s¢ um sistema de multicorpos rigidos composto por duas barras rigidas, conectadas por
rowlas, tendo uma das extremidades rotulada fixada num ponto fixo do espago inercial. ¢ uma

Manuscript received: January 1996. Technical Editor: Agenor de Toledo Fleury
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superficie servindo de obstiaculo ao movimento do sistema, conforme a Fig. | abaixo. Denomina-se esta
situagao problema de bi-péndulo com obstidculo. Para uma primeira ubordagem da dindmica do bi-
péndulo com obsticulo através da mecénica de sistemas de multicorpos consideram-se as seguintes
hipéteses simplificadoras: 1) o problema & bidimensional: ii) o sistema é constituido por 2 corpos
rigidos de mesmo comprimento L |, massa e tensor de inéreia. Na vinculagio entre os corpos considera-
se uma mola torsional linear de constante k; iii} a superficie que serve de obsticulo é um plano
horizontal situado a uma altura 4, com H < 2L, onde 2L € o comprimento da barra; iv) nédo se considera
0 alrto no contalo com a superficie, e v) o sistema € abandonade do repouso a partir da posigio
horizontal das barras.

- T 1e

Fig.1 Problema do bi-péndulo com obstéculo

Equacionamento do Problema

Uma vez descrito o problema da dindmica do bi-péndulo com obsticulo, através da mecinica dos
sistemas de multicorpos rigidos. a tarefa seguinte é de empregar uma das metodologias de obtengiio de
equacdes do movimento para produzir as equagdes que simulam o modelo adotado. O método de
Maggi-Kane como uma estratégia de geracdo de bases para o espago dos movimentos virtuais serd
utilizado para esta finalidade. Este método permite, na versio contida no roteiro exposto em Tavares Jr.
e Sampaio (1993), uma vez identificado o grau de liberdade do sistema e suas coordenadas
generalizadas, trabalhar com as velocidades generalizadas, sem a necessidade de se explicitar as
equagoes de vinculo para uma posterior elimina¢do das mesmas. Seguir-se-d este atalho para evitar de
se escrever as equagdes dos dois vinculos permanentes do sistema ou identificaciio do espago tangente
dos movimentos virtuais,

Existem duas versoes do método de Maggi-Kane. denominadas de Método de Maggi-Kane com
Vinculagao Implicita e Método de Maggi-Kane com Vinculagdo Explicita (Tran, 1991). O Método de
Maggi-Kane com Vinculagdo Implicita nio se utiliza dos multiplicadores de Lagrange, onde se obtém
2n (ndmero de graus de liberdade do sistema) equagdes diferenciais ordindrias de 1" ordem. Enquanto
gue na outra versdo, as 2n (nimero de vanidveis generalizadas) equagtes diferenciais de 1* ordem vém
acompanhadas por m equagoes de vinculagio, envolvendo os multiplicadores de Lagrange.

— Nomenclatura

g = constante R® = espaco cartesiano bi- 0,0 = coordenadas
gravitacional dimensional generalizadas

grad’" = gradiente de uma te = instante do choque 8.6 = derivada temporal da
funcéo w; = velocidade generalizada

: coordenada generalizada
K(8.9) = conjunto convexo dos 9

N i w, =velocidade generalizada ) = multiplicador de Euler-
K =Conskinia.Le.nils i 3 A = :2?;3259;0 da forga de
kﬂ = coTprlmgnto d? béil‘fﬂ W, = velocidade generalizada vinculo
= matriz cujas entradas §
sao definidas pelos a esquerda b = L

wros de indrelals Aw = salto da velocidade £



118 J. of the Braz. Soc. Mechanical Sciences - Vol. 20, March 1998

Embora o Método de Maggi-Kane possa tratar do mesmo modo, isto é, sem multiplicadores de
Lagrange, os casos holondmicos e nio holondmicos, optou-se por trabalhar o método com ligagdes
explicitas apenas na vinculagdo unilateral, porque uma vez integradas estas equacdes no intervalo de
choque (7, - & 1, + €) e fazendo-se £ — 0 obtém-se as condigdes de salto na velocidade que juntamente
com a equacao constitutiva para o choque permite encontrar um sistema de equagdes algébricas que
possibilitarao encontrar a velocidade apds o chogue.

Divide-se a tarefa de equacionar o problema em quatro partes: 1) ldentificacdo dos vinculos
unilaterais; ii) Montagem das equagdes de Maggi-Kane; iii} Obtencdo das condigbes de salto na
velocidade e de inclusao no convexo. e iv) Calculo da energia do sistema.

Identificagé@o dos vinculos unilaterais.

Seja f a distincia entre o batente horizontal, situado a uma altura H, e a extremidade livre da barra.
De acordo com a figura vem:

f=H~-L{cos8+cos(8+q }) (1)

Portanto, f = (). Como, por hipdtese, ndo ha atrito nem aderéncia, tem-se que a reagio do batente é
dado por An, com A 2 (), sendo n a normal ao batente horizontal. Os seguintes casos sdo possiveis: 1) se
f> 0, entdo A = 0 (situagdo sem contato) e 2) se f= 0, entio A =20 (situagio com contato).

Como se trata de um dnico vinculo, constréi-se o conjunto convexo dos movimentos virtuais
(Tavares Ir., 1994) pondo simplesmente,

Kigp)={(0.0 )eR?; [ =0.8sen8+(8+@)sen(0+¢ )20} (2)

Onde a segunda condicdo do conjunto foi obtida da situagio com contato, f = 0, por diferenciagio
da expressao (1). Fisicamente, cla expressa o fato de que o sistema ndo pode penetrar no obstaculo.

Montagem das Equacoes de Maggi-Kane

Adota-se como coordenadas generalizadas as varidveis: ¢, = 8 e g: = ¢. E, define-se as velocidades
generalizadas. através da seguinte relagdo:

W L . !l 0 6
LJ"M"[; J [¢] @

Verifica-se facilmente que A é invertivel e independente de B, ¢ e r. Observa-se que a escolha para
(w:, w:) foi feita de tal modo que as velocidades generalizadas passem a representar o modulo da
velocidade angular de cada corpo do sistema.

O convexo expresso nas velocidade generalizadas, adquire o seguinte aspecto:

Kigg)={(wy wy JER®; f =0,B;w; +Bjyw; 20} (4)

I Apds fazer todas as manipulagoes exigidas pelo métode de Maggi-Kane, chegamos as equagoes do
movimento:

‘ M Mgy || w B G
it 12 .'; T i ‘! (5)
My My || W, By, G
onde, A é o multiplicador de Euler-Lagrange e,

My =mb? +ml? + 1y My =My =mbLcos@, Moy =mb® +J, (6)
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G =—mgf b+ L)sen 0+ k@+mbL sen 035 (7
63=—mgbSer1{9+lp)—k¢)-—mhL.s‘en(pf (8)
sendo sz";.

Obtencado das condicdes de salto na velocidade e de inclusdo no convexo.

Seja 1. o instante do choque, integra-se a Eq. (5) entre os limites 7, -€, e t. +€ com ¢ >{0). Integrando-
se por partes o primeiro termo 4 esquerda da equacdo, aplicando-se o teorema do valor médio para
integrais no segundo termo a esquerda e no da direita da equagfio, apos a passagem do limite quando £
tende a zero, obtém-se:

M(q, JAw=A(r, }B(q, ) (9)
sendo
2. e g g
4, =q(t, )= Hed] pua|® =¥ (AL, )= Hm‘[}b(r}dr (10)
el W3 - wy es0d, .
4 My fg.) Mplg, ) Bilq, )
Migo)=| "1 Rt B (1)
Moytg. ) Myilq.] Bisiq. )

Empregando-se a equagio constitutiva para o choque apresentada nos trabalhos de Lotstedt (1982),
Haug et al., (1986) e Pfeiffer (1992): B'w* = -eB'w sendo que ¢ € o coeficienie de restituicio de
Newton, chega-se ao seguinte sistema de equagoes algébricas:

{M -B|[aw] 0 iz
-BT o || A| |(t+eiB" w =

chamado de condigdes de salto na velocidade e inclusdo no convexo.

Sejam CY[0,T]) o conjunto das aplicagdes continuas g : [(,T] — R* e Var([(4T]) o conjunto das
aplicacdes u ; [(0T] — R* de variacio limitada (Rudin, 1976), com [0,T] um intervalo contendo o
instunte do choque 1. Entdo o problema agora consiste em determinar ¢ € CY{0,7/) e w € Var({O.T])
Lals que

Migw=0Glg,w)
c;r:A"iw
w0 )=wy

(13)
qroi=qgy

¢ no instante do choque, o qual é também uma incognita do problema, deve-se ter que fig. = gir)i =0e

Mig.) —Bflq. ) Aw 0
T = T - LI4]
-B'ig.) ] Aft, (I+e)B' (g, w
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Calculo das Energias do Sistema

A energia total do sistema E € dado por E=K + V, + V,, sendo que

M M,
K=l |t ] | (15)
2 My My | ws

¢ a energia cinética expressa nas velocidades generalizadas;

by
V, = 3 ke~ (16}
€ a energia elastica; e,

Vo =|2H—(b+ L)jcosO+bcos(O+¢)mg (17)

€ a energia potencial gravitacional, considerando-se o obsticulo como referéncia.
A variagio de energia cinética antes e depois do chogue € dada por

AK=dE=-;~(w++-w_Jer_‘w+—w_) (18)

Aproximacao Numérica

Método da Decomposicao de Operadores

A formulagio local integra o sistema de equagbes diferenciais ordindrias com condigdes iniciais,
dividindo explicitamente o intervalo de tempo antes e depois do choque (descontinuidade na
velocidade), Realiza-se um teste para se saber se as restricdes foram violadas. Em caso afirmativo,
aplica-se uma rotina para melhor determinar ocorréncia do instante do choque. Uma vez verificado os
requisitos para o choque, trocam-se as condigdes iniciais, obtidas através da equagio de salto ¢ de
alguma equagio constitutiva para o choque, e reinicia-se o processo de integra¢do numérica.

Entdo, para cada intervalo de tempo {0t/ e {r.T]. pode-se aplicar o esquema de integragio
numérica baseado na decomposigio de operadores (Marchuck, 1975) do seguinte modo:

V=K (i =Ka(y) (19)
onde
o -1 gy, i 0
.J,:[”_‘},K,{M ""”C"‘“”}‘ KF[ 5 } (20)
g 0 A7 w

E, resolver as equagoes 18, ¢ 18, seqiiencialmente, empregando um método de discretizag¢do para o
problema de evolugdo. No caso especifico empregar-se-4 esquemas implicitos, por serem
incondicionalmente estiveis,

Algoritmo de Solugao

Considera-se a seguinte nomenclatura:

i) Particdo do intervalo de tempo [0,T],isto é, 1, =0 <t, <.. <t, =T, out,, =1 + h, sendo 1, 0
passo de tempo;
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ii) Denota-se por w' uma aproximagdo para w(t;) e ¢' uma aproximagao para g(1;),
iii} Denota-se por M' uma aproximagio para M(g') e por G/ uma aproximagao para Gg,w"'');
i+l

g -4

iv) Adota-se
'rrh' =i

para aproximagio de g(f;.; };
oyl

—“—:—;E para aproximagdo de W1, ).

v} Adola-se
fivd

Com as consideragdes acima descreve-se o algoritmo numérico para aproximar o problema do bi-
péndulo com obsticulo:

1. Fagatr., =t + h,comh = h = constante;

sl

2. Faga M"i—‘——h_—w‘=G"+'f:

3. Resolva o sistema de equagdes algébricas ndo linear definida no item (2) para w*' pelo método
de Newton-Raphson;

4. Fagag"' =q'+ hw';

5. Se fig"') > 0 ou grad' fig"')w' > 0, entdo faga w' = w"*' e vi para o passo 1. Se fig"') <0¢
grad’fig"' jw' < 0. Entdo, primeiro, determine a melhor aproximagao para o instante do choque,
t.: depois. resolva o sistema

Mg, ) -Blg ][ aw ] _ 0
~Blrg. b D At )] [(1+e)BT (g, )w™

e. finalmente, vé para o passo |.

Apresentagao e Discussao dos Resultados

A seguir, mostra-se a simulagiio da dinimica do bi-péndulo. O obstdculo € retirado apés o impacto.
De modo que, nesta simulagio, nio estd sendo monitorado um possivel segundo impacto. Os dados para
esta simulagio encontram-se resumidamente no quadro abaixo:

Tabela 1 Quadro representativo dos dados utilizados
G = gravidade 9.81 mis”
L = comprimento da barra im
M = massa dabarra 1kg
J3 = inércia da barra 1m*

H = altura do obstaculo 1.80m

e = coef de rest de Newton 0.72

k = constante da mola 1.0 mN/rad

h = passonotempo 0.01s

ty = instante inicial 0.s

& = coord. noinst. inicial £ rad

¢" = coord. no inst. inicial Qrad

w! = velocidade inicial 0 rad/s
0 rad/s

velocidade inicial
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Fig.2 Configuragdes do sistema

O grifico constante da Fig. 2 representa a evolugao do sistema no intervalo de tempo que vai de 0 a
1.55 segundos. Observa-se a extremidade da barra ultrapassando os limites do obsticulo, o qual depois
do choque, nesta simulagio, ¢ devidamente retirado.

0.00

—0.50

-1.00

=1.5Q |

-2.00 "
~2.00 -1.50 -1.00 -050 000 050 1.00 1.50 200

Fig. 3 Configuragées do sistema até o instante do choque
O grifico constante da Fig. 3 representa a evolugio do sistema no intervalo de tempo que vai de 0

ao instante de choque, 0,5557 segundos, aproximadamente.
0.00

-0.50

-1.00

o

00 : . . — :
-200 -1.50 -1.00 -050 0.00 0S50 .00 r.&D 2,00

Fig. 4 Configuragao do sistema apds o choque
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O gréfico constante da Fig. 4 representa a evolugio do sistema no intervalo de tempo que vai do
instante de choque, 0,5557 segundos aproximadamente, ao instante de tempo em que o sistema inicia
seu movimento de retorno, |,1767 segundos aproximadamente.

.00
=050
-ta0k

=1.50

-2.00 .
-200 -1.30 -100 -050 000 050 1.00 1.50 7.00
Fig.5 Config. do sistema retornando

O grafico constante da Fig. 5 representa a evolugido do sistema no intervalo de tempo que vai do
instanie em que o sistema inicia seu movimento de retorno, 1,1767 segundos aproximadamente, até o
instante finul do periodo de observagao.

telo (rod)
700

1.00 k.

‘-,‘__‘___
-1.00
= oo i g 0a 0.6 0.5 1.0 1.2 1.4 1.8
temipa (3)
Fig. 6 Gréafico coord. gener. 8 versus tempo
fi (rad)
3.00
———
2.00 / \
1.00 ¢ \
B \

0.00 |—" » \

\
=1.00 \
200 b

G0 0.2 n4 0.e n.a 10 1.2 14 1.8
tempa (s)

Fig. 7 Gréfico coord. gener. ¢ versus tempo
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Os grificos constantes das Figs. 6 e 7 representam o comportamento das coordenadas generalizadas
0 e ¢ no periodo de observagdo. Evidencia-se, em cada gréfico, o bico formado no instante do choque.

wl (rod/s)
7.00 ¢

s N\

3001 N,
1.40a

-1.00 b

N ] /
-500 U

-7.00 "
0.0 0.2 0.4 0.6 0.8 1.0 Vi 1.4 1.8

tempo (5]
Fig. 8 Grafico veloc. angular w1 versus tempo

w2 (rod/s)
15,00 |

10.00 F '\\

5.00

N
‘\.\
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Os grificos constantes das Figs. 8 e 9 representam o comportamento das velocidades angulares 0 ¢
¢ no periodo de observacio. Evidencia-se, em cada grafico, o salto das velocidades no instante do
chogue..
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Fig. 10 Gréafico das energias
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(} grifico constante da Fig. 10 representa o comportamentio das energias mecanicas: potencial,
cinélica, eldstica e total no periodo de observagio, Nota-se a energia eldstica tendo um crescimento apds
o instante do choque, o que caracteriza um armazenamenlto; seguide de um decrescimento, restitui¢ao
da energia acumulada.

O bi-péndulo evolui da configuragio horizontal inicial alé o instante em que ocorre o choque com
obstaculo. A partir dai a velocidade salta e o sistema continua evoluindo com novas condigdes iniciais
prescritas pela equagdo constitutiva para o chogue empregada e condigdo de salto na velocidade, A
energia lotal do sistema de multicorpos muda de patamar. caracterizando uma dissipag¢io de energia
transferida para o exterior do sistema. Observa-se finalmente pelo grifico da energia uma dissipagio
numérica devido ao método numérico empregado e a erros de arredondamento acumulados,

Conclusao

No presente trabalho formulou-se a dinimica do bi-péndulo com obstaculo através da metodologia
de Maggi-Kane. O chogue ocorrendo entre os corpos do sistema ¢ o obsticulo ¢é tratado
constitutivamente levando-se em conta tratar-se de um fendmeno nao conservativo. Uma vantagem
observada ao se empregar a metodologia de Maggi-Kane juntamente com a decomposigao de operador
€ que a decomposigio pode ser feita a priori, ainda na fase de montagem das equagdes do movimento,
levando a um desacoplamento entre velocidades generalizadas e coordenadas generalizadas, pela
decomposicdo adotada, a qual fornece diretamente um esquema tipo zig-zag (staggered scheme, Fellipa
e Park, 1980) sem a necessidade de extrapolar uma das varidveis.

Interpreta-se a decomposigio acima do seguinte modo: primeiro congelando K. e resolvendo
Y =K, () significa que a configuragiio estando fixada encontra-se a velocidade "v” do sistema de
multicorpos no espaco dos movimentos virtuais ou espago tangente, em seguida, fixando K, e de posse
da velocidade ja encontrada na etapa anterior, emprega-se 0 operador K, para evoluir no espago das
configuragdes “x = vAr”. Observa-se que o algoritmo proposto por Moreau (1983) faz exatamente o
oposto. Como néo se esta verificando as condi¢bes técmicas da férmula de Trotter nfio se espera que
KioK.=K, =K,
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Abstract

Double-spherical aerostatic bearings are encountered as part of spindles for high precision manufacturing. The
great advantage of this tvpe of bearing is its capacity of supporting both axial and radial loads. When air is used as
the working fluid the spherical bearing can operate at high speed with low heat dissipation. Presently, the design of
such camponenis relies on empirical information based on available experimental data. In the present work a finite
vodume methodology is employed 10 solve the Reynolds equation applied to an aerostatic spherical bearing. A
theoretical analysis is presented which includes a detailed consideration of the restrictors for the air feeding. Such
devices are very important in providing high stiffness and their modeling requires some assumptions regarding the
airflow through it. Validation of the computer program was performed through comparisons with availabie
experimental results. Good agreement prevailed between experiment and computation. However, due to the strong
nonlinearities in the governing equations and because the presence of source terms of very high values. for very
small gaps between the spherical surfaces (less than 30 um) convergence of the numerical program could not be
achieved. Except for this limitation, both theoretical model and the numerical methodology presented here has
proved to be very effecrive. From the results it was observed that the bearing shouldd operate ar an eccentricity ratio
as higher as possible (close to enel for highest stiffness.

Keywords: Aerostatic Bearing, Air Bearing, Spherical Bearing,

Resumo

0 métoda de volumes finitos ¢ aplicado a uma simulagdo de mancais duplo-esféricos. As equagées governanies,
altamente ndo-lineares, sdo discretizadas ¢ adaptadas pura incorporar o insuflamento de ar por meio de restritores
de fluxe. O modelo proposio & wilizade em uma andlise de capacidade de carga e rigidez para mancais duplo-
esféricos com diferentes caracteristicas estruturais. Os resultados tedricos posswem boa concorddncia com os
resullados experimentais.

Palavras chave: Mancal Aerostitice, Mancal a Ar. Maneal Esférico.

Introducao

Mancais aerostiticos duplo-esféricos podem ser encontrados como parte integrante de cabegotes de
tornos de precisio. A Figura | mostra um desenho esquemdtico deste tipo de mancal, em uma
configuragio do tipo duplo-esférico contraposto. As semi-esferas sdo unidas por um eixo, ao qual estao
aparafusadas, As posigoes relativas dos centros das esferas em relagdo nos estatores correspondentes
podem ser variadas,

Atualmente, devido i caréncia de dados tedricos na literatura, o projeto deste tipo de mancal tem
que ser realizado de maneira empirica, com base em alguns dados experimentais disponiveis. A teoria
de lubrificagdo tem sido preferencialmente aplicada a outros tipos de mancuais, cilindricos ou planos, por
exemplo (ver por exemplo Rowe, 1989). Possivelmente isto ocorre porque tais mancais 30 mais
difundidos ¢ podem ser empregados na maior parte das aplicagbes priticas.

No entanto, em algumas situaces é desejavel que o eixo do rotor possua mais de um grau de
liberdade em relagdo ao eixo do estator, ou que o mancal seja capaz de suportar cargas com
componentes axiais, mantendo um movimento de rotagdo suave e conservando uma rigidez adequada.
Nestes casos ¢ mais indicado o uso de uma geometria esférica. Desta forma, mancais esféricos
aparecem ¢como sub-sistemas dinmicos em sistemas de alta tecnologia, como maquinas-ferramenta de
precisio. instrumentos de medi¢do por coordenadas, giroscOpios para navegagao aérea e sistemas de
posicionamento de telescopios.

Manuscnipt received: April 1996. Technical Editor: Agenor de Toledo Fleury
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O ar pode ser utilizado em aplicacdes nobres, que exijam limpeza, como a usinagem de lentes de
contato ou em brocas para aplicagido odontoldgica. Adicionalmente, a opgéio por um gas como fluido
lubrificante permite que o rotor atinja altus rotagdes com baixa geragdo de calor (Wunsch, 1968). Por
outro lado, os gases tém a desvantagem de apresentar menor viscosidade e maior compressibilidade em
relagdo aos lubrificantes liquidos. Os mancais a gis siio, portanto, necessariamente maiores do que os
seus equivalentes lubrificados com liquido.

Nos mancais aerostdticos, um filme fino de ar a alta pressio € utilizado para suportar uma carga. A
capacidade de carga resulta da distribui¢io de pressio. Basicamente, a pressio é mixima no ponto onde
ocorre a entrada de ar sob pressdo e cai gradativamente ao longo da folga. Em alguns casos, o rotor gira
em alta rotagio, levando ao aparecimento de um efeito aerodindmico (mancais auto-atuantes). Quando
os dois efeitos se superpéem, o mancal é dito hibrido. O efeito aerodinimico, embora tenha sido
incluido na formula¢do proposta. é desconsiderado na simulacae dos mancais duplo-esféricos aqui
explorada.

O mancal em estudo ¢ pressurizado externamente porque, para a aplicacio de interesse, &
importante que um filme lubrificante seja mantido mesmo com o rotor parado. Como o ar tem
viscosidade baixa, as folgas entre as superficies dos mancais sdo pequenas, da ordem de 10 um
(Slocum, 1991). A rigidez do muncal estd associada a forma da folga entre as superficies ou a restrigdes
ao fluxo de ar de alimentagdo, empregadas para controlar a entrada de ar na folga. Tais restrigdes,
denominadas restritores de fluxo, constituem um artificio comumente utlizado para aumentar a rigidez
de mancais aerostaticos sem aumentar a pressio de bombeamento.

A utilizagdo de uma forma esférica para os mancais € justificada, do ponto de vista de usinagem,
pela sua facilidade de fabricagdo, principalmente pela técnica de moldagem em resina, descrita por
Oliveira (1994). Esta técnica permite a fabricag@io de duas superficies esféricas conjugadas de boa
qualidade com a uvtilizagido de maquinas-ferramenta convencionais. A confecgiio em pares conjugados
garante. por exemplo, que erros de forma nas superficies do estator e do rotor tdo grandes como 50 %
do valor da folga nio representem problema para o funcionamento do mancal. Foi eliminada também a
necessidade de furagdo com broca na confecgio dos restritores de fluxo (Miiller, 1994),

A literatura em mancais esféricos € restrita. Exemplos de trabalhos que tratam de lubrificantes
incompressiveis sao Leung el al. (1989) e Duarte e Ribeiro (1990). Mais pertinente ao presente trabalho
SA0 0§ mancais que operam com gases. Uma andlise de um mancal esférico lubrificado a gis empregado
como giroscépio € apresentada por Sela e Blech (1991), Eles avaliam o desempenho estitico do mancal.
quando submetido a uma carga genérica e apresentam resultados para capacidade de carga, fluxo
missico de gas e torque secunddrio que atua na diregiio perpendicular ao eixo do rotor, em uma cerla
faixa de excentricidades ¢ pressdes de alimentagio do gas. Neste modelo, a alimentagio é feita por uma
linha localizada no equador da esfera. No presente trabalho. ndo é empregada a simplificagio de
alimentagio em linha e a latitude em que se localizam os restritores de alimentagio ¢ um dos
parimetros que podem ser variados, visando a uma otimizagdo de projeto.

O presente artigo apresenta uma analise tedrica para um mancal duplo-esférico a gds, visando
fornecer uma metodologia de cdlculo que possibilite um projeto otimizado do mancal. Sio apresentados
resultados tedricos de carga para diversos valores de folga nominal entre as esferas, ao Jongo de uma
ampla faixa de excentricidades. Os resultados tedricos sdo comparados com valores experimentais
apresentados por Oliveira (1994), obtidos com um protdtipo deste tipo de mancal, construido
empiricamente. Como a folga do mancal real era muito pequena (154 pm). nao foi possivel obler
resultados numéricos em toda a faixa medida no experimento. Quando a folga é pequena demais,
aparece um desequilibrio excessivo entre os diversos lermos das equagdes governantes, levando a
instabilidades numéricas que impossibilitaram a convergéncia. Nos pontos em que foi possivel a
obtengio de resultados numéricos, a concordancia com o experimento [oi muito boa.

Na modelagem da folga esférica, procurou-se levar em consideragiio as peculiaridades do processo
de fabricagdo, mas algumas simplificagoes sutis do ponto de vista pritico estdo implicitas no modelo,
Por exemplo, os valores de folga encontrados nos mancais reais, da ordem de micrometro, podem nao
ser suficientemente maiores do que as rugosidades das superficies esféricas (que resultam apés o
acabamento) para garantir que o valor de folga medido no experimento ndo seja apenas uma distincia
entre picos de rugosidade do rotor e do estator. O modelo tedrico prevé uma folga com superficies
perfeitamente lisas e pode ficar distante da realidade do experimento. principalmente para folgas
pequenas,

Mesmo com as dificuldades de modelagem decorrentes da processo de fabricagio, a andlise tedrica
¢ justificavel. O modelo aqui apresentado pode facilmente ser adaptado u casos especificos de método
de fabricagfo, a partir de uma descrigio cuidadosa do aparato experimental, Por outro lado. mesmo que
nio seja possivel reproduzir a situagido real em todos os seus detalhes. uma ferramenta tedrica que
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permita a determinagao de um valor aproximado para o nimero 6timo de pontos de alimentagio de ar,
levando em conta a méxima capacidade de carga, a maxima rigidez e o minimo consumo de ar, pode
reduzir enormemente a quantidade de experimentos necessarios para um bom projeto.

Descricao do Mancal

Em uma situagio real, o mancal esférico normalmente estd sujeito a cargas de orientag@o arbitréria.
Como conseqiiéncia, surge um deslocamento relativo entre os centros do rotor e do estator que tem que
ser caructerizado com médulo, diregio ¢ sentido. O valor adimensional deste deslocamento, a
excentricidade (g), é representado por ués parimetros independentes (g,, €, e €,), medidos em um
sistema de coordenadas cartesiano fixo em relagio ao estator. A Fi gum 2 mostra o sistema de
coordenadas que descreve o deslocamento espacial de cada uma das semi-esferas. A coordenada z, que
descreve o deslocamento axial do rotor, corresponde a uma linha que une os centros dos dois estatores
(em uma situagdo de deslocamento nulo, ela estd alinhada com o eixo do rotor). As coordenadas x e y
estdo localizadas em um plano no equador do estator e descrevem o deslocamento radial do rotor.

b

/.r A e
’.f /’/,’//
PP

Fig.2 Sistema de coordenadas para as excentricidades

Sem perda de generalidade, optou-se no presente trabalho por considerar apenas os efeitos de
carregamento axial. Carregamentos axiais envolvem uma andlise mais simples do conjunto, pois 0 eixo
do rotor permanece alinhado com o dos estatores. Além disto, os dados experimentais ficam mais
confidveis, pois com carregamento radial é necessdrio medir com precisio os deslocamentos radiais das
duas semi-esferas. Este problema ndo existe com carregamentos puramente axiais porgue, para a
determinagdo de um ponto experimental apés um carregamento conhecido, basta medir o deslocamento
de uma semi-esfera; o deslocamento da semi-esfera conjugada é imediatamente determinado a partir do
afastamento inicial entre os centros das semi-esferas.

Definicao da Pré-Carga

Os dados experimentais de Oliveira (1994) foram obtidos com o eixo do rotor colocado na posigio
vertical, de modo a garantir deslocamento radial nulo. Em qualquer outra posi¢iio, o préprio peso do
rotor levaria ao aparecimento de excentricidade radial. mesmo sem aplicagiio de carga.

Nesta configuragio, os dois mancais esféricos desempenham fungdes distintas em relagdo a carga
externa, imposta por meic de pesos pendurados diretamente no rotor. De maneira semelhante ao mancal
superior, a distribuigio de pressoes ao longo da folga do mancal inferior também gera uma forga, em
conseqliéncia de sua agdo sobre a superficie esférica. Tal forga, porém, atua no sentido de carregar o
mancal superior, pois age no mesmo sentido que os pesos. Do ponto de vista pritico, a carga imposta
pelo mancal inferior ndo pode ser considerada uma carga (til, pois ndo representa um aumento no
nimero de pesos exlernos ao conjunto. Esta carga ¢ denominada de pré-carga, para diferencia-la, em
termos priticos, da carga efetivamente suportada pelo mancal superior, representada pelos pesos.,

O objetivo do estudo tedrico, e também do estudo experimental, é obter u curva de carga axial
suportada em fungio de excentricidade (curva de carga), para o conjunto, Em seguida, por um processo
simples de derivagao, pode-se chegar a curva de rigidez, que determina o projeto dos mancais. Cada
ponto experimental € obtido impondo-se pesos ao conjunto e medindo a excentricidade que resulta no
mancal superior, para uma dada pressdo do ar de alimentagdo. Ao peso imposto € acrescentado o peso
préprio do rotor, o qual aparece como uma carga para o mancal.
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Para a andlise tedrica o processo € inverso: assume-se que a semi-esfera do mancal superior esti
deslocada em relacdo ao estator de um valor conhecido de excentricidade. Como a excentricidade é
conhecida, a forma da folga e, portanto. do filme fluido entre as esferas, fica determinada. Calcula-se
entiio a distribuigdo de pressoes que obedece as equagdes governantes da teoria de lubrificagdo para um
filme fluido com a forma especificada e sujeito a um valor de pressio de alimentagio estipulado. Em
seguida, por integragdo. calcula-se a carga que o mancal superior é capaz de suportar. Como as
dimensdes do conjunto sdo conhecidas, a excentricidade do mancal inferior é facilmente determinada
por consideragdes geométricas. Com esta excentricidade, realiza-se um cdlculo 1déntico ao do mancal
superior ¢ o valor da pré-carga ¢ o valor de carga obtido para o mancal inferior. Para comparagio com
os resultados experimentais, o valor teSrico da pré-carga é descontado da carga.

Excentricidade Axial Relativa Inicial

O afastamento entre os centros tedricos dos dois estatores que compdem um cabegote (ver Fig, 1)
pode ser regulado independentemente da distdncia que separa os centros dos rotores correspondentes.
Este afastamento depende de regulagem por parafusos e € constante para cada curva de carga, sendo,
portanto, um pardmetro geométrico fixo.

Para cada ponto da curva de carga versus excentricidade, o valor da excentricidade no mancal
inferior depende da excentricidade imposta ao mancal superior e do afastamento entre os centros das
duas superficies esféricas dos estatores. Desta forma, variando-se este afustamento pode-se variar a pré-
carga imposta pelo mancal inferior e, como conseqiéncia, a carga (til. Ou seja, cada valor de
afastamento gera uma curva diferente.

Na verdade, o parimetro que € efetivamente considerado € a excentricidade relativa axial inicial.
Assumindo-se uma situagdo inicial imagindria em que nenhuma carga tenha sido imposta ao mancal,
nem mesmo 0 peso do rotor, a excentricidade axial que resultasse em ambos os mancais (superior e
inferior) seria idéntica. Este seria o valor da excentricidade relativa axial inicial, a qual estd
intrinsecamente ligada ao afastamento geométrico entre as esferas: quanto maior este afastamento,
menor o valor da excentricidade inicial e vice-versa. Este parimetro é um conceito tedrico, que na
prética ¢ obtido indiretamente por extrapolagiio da curva experimental até um ponto de carga nula, pois
uma medigio simultdnea das excentricidades axials nos mancais superior e inferior seria bastante
trabalhosa.

Um mancal duplo-esférico com excentricidade relativa axial inicial negativa (ou seja, superficie
equatorial do mancal sobressaindo-se da superficie do estator) levard a uma curva com valores mais
altos de carga til do gue outro com excentricidade inicial positiva. A razdo disto é que, para cada
mancual simples, a carga diminui com a diminuigio da excentricidade. Assim, quanto menor a
excentricidade inicial, menores (mais negativos) os valores de excentricidade assumidos pelo mancal
inferior, menor a pré-carga a ser descontada e, portanto, maior a carga (itil do conjunto.

Formulagao do Problema

O escoamento de um fluido no espago entre duas esferas deve obedecer & equacao da conservagio
da massa em coordenadas esféricas. No caso de um mancal, as esferas estdo muito préximas,
possibilitando simplifica¢des na equagio da conservagio da massa que levam a equagio de Reynolds,
que € a equagao governante para o problema em estudo.

A equagdo de Reynolds, obtida a partir da equagio da conservagio da massa em coordenadas
esféricas (Burmeister, 1983), para o sistema de coordenadas (r,8,¢) mostrado na Fig. 3 pode ser escrita
como,

Fig.3 Coordenadas esféricas utilizadas no problema
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em que o Gltimo termo entre parénteses do lado direito da equagio (pv,) corresponde a uma entrada de
massa na diregdo radial. na superficie externa do mancal, que servird pd]‘d modelar a entrada de ar por
restritores do problema real. A grandeza T que aparece neste termo corresponde 4 temperatura, em
Kelvin, do ar que estd sendo insuflado. O primeiro termo do lado direito corresponde ao efeito
aerodindmico que apareceria se o rolor girasse a uma velocidade angular w. Em todos os resultados
obtidos no presente trabalho,  foi considerado nulo.

Condigoes de Contorno

O dominio de solugdo do problema compreende um circulo fechado sobre o plano equatorial. O
prohlema € espacialmente periodico na dire¢do 0 e a condigio de contorno associada a esta coordenada
Se resume a

”iaun = Plo-2z (2)

Na diregio ¢ o dominio é limitado pelas duas bordas do mancal, por onde o ar é liberado apos
passur pela 10]ga A varidvel @ vai de @, correspondente ao didametro menor, até /2, na posi¢io do
didmetro maior. Assume-se que o ar é I}berado para a atmosfera, logo as condigoes para a diregdo ¢ sdo

le:w, = Pamb . leﬂ_).z = 3)

Espessura do Filme Fluido

Fundamentalmente, a distribuigio de pressoes que resultard de cada cilculo dependerd da pressio
de insuflamento do ar e da forma do filme fluido na folga entre as esferas. A forma do filme, por sua
vez, depende de trés pardmetros para ser completamente caracterizada. A partir do deslocamento do
centro do rotor em relagdo ao centro do estator, descrito pelas excentricidades €, €, ¢ €,, a altura h da
folga em qualquer ponto (B,@) vale

h= c‘[l *—(.‘_‘1 cos@+£ sen 9).wmp -&,cos¢ 4)

em que ¢ ¢ a folga nominal, quando os centros do rotor e do estator coincidem. Como discutido
anteriormente, no presente trabalho o interesse recai sobre a diregdo axial ¢ os valores de g, e €, serdo
mantidos nulos.

Restritores de Fluxo

Quando se projets mancais aerostaticos, ¢ mais imporiante observar a rigidez do que a capacidade
de carga. Mancais com baixa rigidez tendem a variar muito seu ponto de funcionamento quando
submetidos a variacdes de carga; do ponto de vista de cabegotes de miguinas de precisio, isto é
altamente indesejavel. Como mostra a Fig. 4, 0 mancal A tem uma capacidade de carga maior do que a
do mancal B ao longo de toda a faixa de excentricidades apresentada; no entanto, uma mesma variagdo
AF imposta aos dois mancais causa uma variagio de posi¢do (Ag) muito menor no mancal B. Além
disto, o mancal B, mais rigido. pode funcionar com uma gama maior de cargas aplicadas do que o
mancal A,
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A pressdo do ar de insuflamento tera que ser determinada de acordo com a cargu que se pretende
impor a0 mancal. £ preciso determinar uma pressio suficientemente alta para garantir um filme
lubrificante entre rotor e estator em toda a faixa de cargas a que estard submetido o mancal.
Adicionalmente, a curva de carga deverd corresponder & condigio de rigidez alta. Ou seja, o ponto de
funcionamento (¢) do mancal nio poderd variar excessivamente quando a carga sobre ele aplicada
sofrer variagdes. Vdrios artificios de fabricagdo podem ser empregados para que o mancal satisfaga a
esta condigio. O mais comum, e de mais simples construgio, € o chamado restritor de fluxo. O ar
bombeado é forgado a passar por um estrangulamento anies de ser injetado no filme fluido, em um
processo semelhante a um escoamento em bocais. Ao escoar pelo bocal (restritor), o ar é forgado a
acelerar e uma queda de pressao é gerada entre a pressio de alimentagdo e a pressdo no filme
lubrificante. A vazdo de ar que passa para o filme lubrificante pode ser calculada a partir da pressio de
bombeamento (conhecida e regulada no compresser) e da pressao que o jato de ar assume ao atingir o
filme lubrificante, no ponto (8.¢) correspondente 4 saida do restritor, esta 1iltima obtida da equagiio de
Reynolds, Eq. (1),

Carga |
AF

AF|

+ " & e .
t t t g >

excentricidade €

Fig. 4 Capacidade de carga x rigidez para dois mancais com distintas caracteristicas de rigidez

Boffey et al. (1985) mostram que ¢ exatamente a queda de pressio imposta pelos restritores que
imprime caracteristicas de maior rigidez ao mancal. Com cargas altas, por exemplo, a pressio na saida
do bocal terd que ser alta, para que a distribuigio de pressoes seja adequada & carga. Forgado pela carga,
‘0 rotor se aproxima do estator e neste caso o valor da folga correspondente & saida dos restritores é
‘buixo ou, o que é equivalente, a excentricidade assume valores altos. Se a carga diminuir, as esferas
tendem a se afastar, mas, simultaneamente, a pressio na saida do restritor lende a diminuir, evitando
que u excentricidade tenha que diminuir excessivamente para se adaptar & nova situagdo. Ou scja,
‘quando o mancal é submetido a urna variagio de carga. a pressdo na saida do restritor varia, o que evita
|grandes variagdes de excentricidade.

‘Modelagem Tedrica de Cada Restritor

Para obter a distribuigdo de pressdes na folga entre as esferas, é necessdrio transferir para a equagio
de Reynolds {Eq. |) o valor da vazdo mdssica que é descarregada pelo bocal. quando sdo conhecidas as
pressoes a montante (pressio de bombeamento, no compressor, p,,...) € @ jusante (pressao de descarga
Ipeln bocal, no filme fluido. py,. ). Deseja-se determinur, portanto,

{ mrc'_\'rr = pde_s'rljdz\'r-Argsrr [kg‘(“l (5)

| Assumindo fluxo isentrépico, de acordo com John (1984), esta vazio pode ser calculada como

XL
: Phomb (r=1,. |- :
restrr — = desc desc restr
T Jr M| 1+ =M A (6)
) Timmb

onde M, __.. o numero de Mach do ar na descarga do bocal, é dado por
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Muy.=M, se M<]
des (N

M- =1, se M=t

para um nimero de Mach de referéncia calculado por

(r-1)

M g 2 [ pbnmb ] Y _; (8]
(}’ = "l) Pdege

O pimero de Mach vale no maximo 1, onde a vazao de ar € midxima. A partir do momento em que o
nimero de Mach chega a 1, ndo importa mais a pressdo a jusante do bocal. Na situaciio de M21, a
informagdo sobre a variagio da pressio a jusante nio é mais transmitida ao escoamento no interior do
bocal. Diz-se, entdo, que o fluxo "engasga" a partir de M=1 (escoamento bloqueado).

Area do Restritor

Conforme discutido anteriormente, com o intuito de conferir ao mancal a rigidez que é exigida de
um componente de cabegote de usinagem, é comum forgar o ar a passar por uma reducdo brusca de
seqdo transversal, em seu percurso desde o compressor até o filme lubrificante. Ou seja, é conveniente
que o ar enfrente alguma "restri¢ao” ao escoar entre o compressor ¢ o filme fluido.

Para a determinacio da vazio massica de ar que atravessa o bocal, € necessdrio fornecer o valor da
drea desta restrigio, indicada por A na Eq. (5). Para avaliar corretamente esta drea, € necessirio
determinar onde efetivamente ocorre a restricdo ao escoamento, a qual varia de acordo com as
caracteristicas construtivas de cada mancal. A Figura 5 mostra duas configuragcbes comuns e as areas
que devem ser consideradas no cdlculo da vazdo em cada caso,

: Area efetiva h
h Ty ¢ e

= T /4 Area efetiva= T h-
(a) Com cédmara de expanséo (b) Bem camara de expansao

Fig. 5 Alternativas de configuragdes para restritores

A Figura 5a corresponde ao caso em que, ao sair do canal de alimentagio que o transporta desde o
compressor até o cabecote. o ar é subitamente forgado a entrar em um canal de didmetro muito menor (o
restritor), saindo em uma "antecdmara”, onde ele se expande antes de comegar a interagir com o filme
fluido. H& ouwros tipos de constru¢des em que o ar ndo tem chance de se expandir até alcancar o filme
fluido. Neste caso, mostrado esquematicamente na Fig. 5b, assume-se que o ar chega ao mancal na
pressdo de alimentacao, e que a folga do mancal, muito menor do que o didmetro do canal de
alimentagdo, desempenha o papel do restritor.

A drea A___ € a drea da segio transversal ao escoamento do ar no ponto em que estd localizada a

restrigdo. Se o ar tiver oportunidade de se expandir, A__ ~corresponde & drea do restritor (T0?14); se o
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priprio mancal assumir o papel de restritor. A ., corresponde a uma “drea de cortina” (moh). que
envaolve a folga do mancal correspondente ao restritor.

A correta implementacdo de um modelo para o restritor utilizado no presente trabalho depende
ainda da observagio de alguns detalhes construtivos inerentes ao processo de moldagem em resina. De
acordo com Oliveira (1994), uma das vantagens deste processo € que os restritores nio sio obtidos por
furagio direta do estator. Por este processo, fios de ndilon e de cobre adequadamente trangados levam,
apos o processo de moldagem, ao aparecimento controlado de pequenas "falhas" (furos) elipsoidais na
superficie esférica do estator. Tais "falhus”, localizadas exatamente onde se deseja as entradas de ar
para o mancal, sdo alimentadas por duplas de canais idénticos, vindos diretamente da saida do
compressor de ar, que desempenham o papel de restritores, como mostra esquematicamente a Fig. 6a.
Observagoes detalhadas da superficie do estator do mancal empregado por Oliveira (1994) em seus
experimentos indicam gue estas elipses apresentam as dimensdes médias mostradas na Fig. 6b.

Como conseqiiéncia desta estrutura construtiva, o restritor foi modelado de acordo com os seguintes
critérios:

1)O ar tem espago para se expandir antes de comecgar a fazer parte do filme lubrificante, ou seja. a
drea de restrigio € calculada de acordo com o modelo apresentado na Fig. 5a, e

11)Cada entrada de ar injeta no filme fluido uma vazéo de ar equivalente ao dobro do valor
determinado pela Eq. (5). pois o escoamento na restri¢ao se d4, na verdade, em dois canais idénticos.

rolor
| i
7
! f-‘ // estalor d=0,1% mm
” )/ A
Ny ;
s S
| %
/
! S AT LH 0,26 mm
/1 S
¥ o ’/3
. 0,70 mm
| |
(a) Construcédo dos restritores {b) Saida de ar na superficie do estator

Fig. 6 Estrutura dos canals de ar que alimentam o mancal

Acoplamento entre Restritores e Filme Fluido

O dominio de solugio da Eq. (1) € o filme fluido, o qual € dividido em um grande nimere de sub-
dominios (volumes de controle), para a integragio numérica da equagao diferencial. O formato dos
volumes de controle, em fun¢io do sistema de coordenadas ortogonal adotado, ndo coincide em

~ situagdo alguma com o formato dos jatos de ar (furos elipsoidais no estator. descritos anteriormente).

Computacionalmente, isto € resolvido atribuindo-se aos volumes tedricos que se encontrarem
exatamente na saida dos jatos {ou s¢ja, com coordenadas (8,¢) correspondentes aos centros das elipses
yue limitam as safdas dos restritores), uma geragao méssica de ar equivalente ao Tuxo massico por eles
insuflado. A Figura 7 ilustra esquematicamente este procedimento.

Para fechar o problema entre filme fluido e restritores, ¢ necessdrio fornecer o valor da vazao
mdssica (pv,) nestes volumes. que passam a funcionar como fontes de massa no dominio para o
problema governado pela Eq. (1). Para que a geragio de massa implementada na cquagio governante
corresponda exatamente ao ar que estd sendo insuflado, deve ser feito o seguinte ajuste:

pvr Ar.r. = _’i'rrs:r (9)
emque A, _, drea do volume de controle tebrico para pontos (8.¢) correspondentes aos restritores, vale

A, = (Rsen@a8) Rag)| (109

resir
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Voltando a Eq. (1). a substituigdo da Eq. (9) resulta em

': i[ph‘iy @]+ ! i[.mn gaph‘f @]=6HM2 i(Ph}—fZ;IRgRTd“C[mmm }
sen” @ 98 d8 )  senq dp Jp 30

v
(11)

em que o dltimo termo A direita 6 € dilerente de zero para volumes coincidentes com entradas de ar.

volume de

controle I
— malha computacional

restritor

Fig. 7 Detalhe da modelagem da entrada de ar no filme fluido.

Adimensionalizagao do Problema

A Equagdo (11) pode ser adimensionalizada com o auxilio das seguintes varidveis:

”=(p/pumh )3 € H:hff (12)

Substituindo estas varidveis na Eq. (11), chega-se & equagio de trabalho do presente estudo,

. fa.n} 1 d g(sunr'] 2
St ¥ o iRy PR —| senpH” == |=2A—(JITH|+S5 13
,wns p do [ a6 sen (:')(D (aen (P aqp 76 ( ] {13}

em que S € definido como

., i 2l if %
S==-m,.. R / [mrej- A ), nas volumes caoincidentes com as entradas de ar (14)

S =0 nosdemaisvolumes

O valor de A € dado pela Eq. (10); o parimetro A, que representa a velocidade de rotagdo do
mancal em termos adimensionais € definido como

A:@umz/{'pm,,c-?) (15)
e € mantido nulo. A vazio mdssica de referéncia, i, , € dada por

. 2 3 :
Myer = PambC /241“Wde.n' (16)
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onde

T!xm:.b { 17 J

Tdmt‘ =7
[ {Y _ !) Md(\‘: :|

,.

A expressio da vazio miissica nos restritores, em uma forma conveniente & implementagio
computacional. ¢ dada por

r';lre.vrr i pbumh]i T,ix " Iy, M gese Myt (18)
I

onde

¥+l

2 2-2y
ff? Mdr\( j"h!dth[,-'-{?z Mi}r.“‘] (]9)

Finalmente, K . a constante universal dos gases, é 287,06 J/kg K ¢ a drea associada i vazdo
massica dos restritores, conforme discussao anterior, ¢ obtida de

Avestr = H@i str /4 (200

Procedimento Numérico

Para a solugio da Eq. (13), foi empregado o método de volumes finitos (ver por exemplo Patankar,
1980 ou Ferziger e Peric, 1996). Segundo este método, o dominio de solugio (neste caso, o filme
fluido) ¢ sub-dividido em porgoes discretas (volumes de controle), sobre us quais € feita uma integragio
da equagdo diferencial governante, originalmente vilida apenas para volumes infinitesimais. Como.
conseqgiiéncia desta integragdo, a pressdo atribuida a cada um destes sub-volumes nao mais varia
continuamente, mas fica representada apenas por um valor associado ao centra de cada volume.

Este procedimento acaba transformando a solugio da equacdo de Reynolds (que ndo possui solugio
analitica) na solugio de um sistema algébrico de equagoes, envolvendo tantas varidveis quantas forem
as sub-divisdes usadas na discretizagio do dominio de calculo, De uma maneira geral, quanto maior o
ndmero de volumes de controle, mais precisa € a solugio numérica pois mais proxima ela estd da
situaglio ideal de volumes infinitesimais. A quantidade de volumes de controle define a malha
computacional e estd limitada apenas por questdes como memoria e velocidade de cdleulo do

- computador.
Os pardmetros que governam o problema estio associados a caracteristicas geomérricas, tais como
- dimensoes, quantidade e localizagao dos resiritores, ou a aspectos fisicos relativos as condigdes de
bombeamento do ar.
O processo de integragio numérica ¢ a implementagdo da malha, de forma a se adaptar aos detalhes
l construtivos do mancal. sdo descritos a seguir.

Discretizacao da Equacao Governante

A Equagiio (13), em uma forma mais adequada ao processo numérico, pode ser escrita como

I d all J oIl Jb .
I — = v —_+ S 21
wmpaﬁ( P 86) (M(r &p] 2Asempa9 +Sseng 20

onde
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Fg=H' | TIp=senp’ e @®=HJN (22)

Integrando a Eq. (21) de acordo com o método de volumes finitos, sobre o volume de controle
tipico ilustrado na Fig. 8 (associado a um ponto P genérico da malha computacional), obtem-se a
seguinte equagio algébrica,

ﬂ'pn'n:ﬂN”N +a5n5+n5”&-+awﬂw+5 (23)

em que os coeficientes sdo calculados a partir de

ﬂ.l\'l - qu AG as = rw_w ‘16 ﬂf- - rar !ﬂ Ig(q)l'! -‘lr )
T (oe), (39), - (00), | z(e./2)
B t i2
ay = O 1y slen : ) (24)
(68),, | 1le./2)
dp=aytag+ag +ay (25)
S =2A(cos@, —cosp, X(D, -d L - Splcosg, —cosp, A8 (26)
- AB -
) ‘N
K&T’L] “P ‘
oy . e g Ay
(50), 3 A
& L]
T - S
" F ©)  30),

]
Fig. 8 Volume de controle tipico utilizado para discretizagao

Na expressio para o termo-fonte da equagiio de Reynolds. S, o primeiro termo a direita, representa
o efeito aerodindmico associado a uma rotagio do mancal e o segundo termo representa a geragao de
massa resultante do insuflamento de ar. Como o efeito aerodinimico ndo serd considerado nos casos a
serem explorados aqui. este termo-fonte é diferente de zero somente nos volumes coincidentes com as
entradas de ar, onde, de acordo com a Eq. (14), Sp vale

Sp= _”I‘rrsrrRZ/(’i’rcf Am-.) (27

Detalhes Computacionais

A solugio do sistema de equagbes ¢ obtida pela aplicagio do algoritmo TDMA para a diregdo @ e
do algoritmo TDMA circular para a diregdao 6. Este algoritmo € descrito por Patankar (1980) e os
detalhes serdo aqui omitidos,
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A malha computacional € gerada de forma que a saida de cada duplo canal de alimentagio coincida
com um volume finito. Estes volumes tém drea equivalente & drea da elipse que delimita a comunicagio
dos canais com a superficie esférica do estator,

Com a alimentagiio de ar sendo feita em pontos localizados, € de esperar que 0 campo de pressoes
apresente picos nestas regides. Assim sendo, os volumes que compdem a malha apresentam dimensoes
varidveis, de tal forma que a maioria dos pontos computacionais fica concentrada préximo as entradas
de ar.

A malha é construida de acordo com o caso que se deseja analisar, Por exemplo, valores mais altos
de excentricidade exigem malha mais concentrada proximo aos restritores e com mais pontos do gue as
excentricidades baixas. Além disto. a malha se adapta a quantidade e tamanho dos restritores e ao
dngulo @ correspondente 4 sua localizagdo, que sao considerados parametros em cada caso.

No processo numérico parte-se de um campo-tentativa inicial que vai sendo modificado sucessivas
vezes por meio de passadas do algoritmo TDMA, até que os residuos de todas as equagdes que
compdem o sistema de equagdes algébricas atinjam valores aceitaveis.

Para verificar qual o nivel de convergéncia atingido apds um certo nimero de iteragGes, e também
para avaliar a quantidade de ar que estd sendo consumida, € feito um balan¢o global de massa no
dominio. A Figura 9 mostra as vazdes que participam deste balango.

Fig. 9 Balango de massa global no dominio de solugao

Matematicamente, levando em conta o sentido positivo dos eixos coordenados, apos a convergéncia
o0s uxos de massa devem obedecer a seguinte equagio,

n?’!l‘r
"ﬁlp; H meﬂr _mnﬁ =0 (28)
!

em que n_, ¢ o nimero de restritores e M, . vazao mdssica total que cruza a linha localizada em uma
posigio ¢ qualquer, ¢ dada por

]
: —ph™ dp ¥
Ty, :§ _— R sen@pd@ (29)
I12uR do|
ou, em termos adimensionais,
m
== -mgo§ H;‘)—Hf de (30)
m,.,f o aq, @
onde
ull 2 .3
o = _PambC 30
4 24 Tdcsc

para uma temperatura média do ar que ¢ descarregado pelos restritores dada por

Mrgsir
= !

Ty 8 & Thomb, (32)
ny (r-1) .
P+ Mg
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O nivel de convergéncia durante cada processo iterativo € venificado pela Eq. (28). Nua pratica,
considerou-se que a convergéncia foi atingida sempre que

Mypste

(2 = 1itg, ) zn'zm,, > 0,999 (33)

Resultados e Discussoes

Para a efetiva construgdo de um mancal esférico, o projeto deve especificar a folga nominal que
deverd ser deixada entre as superficies esféricas. Além disto, é preciso escolher o ponto de
funcionamento mais favordvel, procurando obter o melhor desempenho possivel dentro de limites
seguros. Estes dois parimetros devem ser determinados em conjunto pela anilise do mancal em
diversas situagoes diferentes. A seguir a metodologia apresentada anteriormente ¢ aplicada a um mancal
esférico de 50 mm de raio ¢ 35 mm de largura, alimentado por 5 restritores de 0,18 mm de didmetro.

As curvas de carga mostradas na Fig. 10 indicam que este mancal tende a suportar uma carga maior
em posigoes de excentricidades mais altas. Na posi¢do em que o rotor leoricamente encosta no estator
(e=1). verifica-se a maior capacidade de carga do mancal. Para os valores de folga muito baixos
{menores do que 30 (Wm) e para valores de excentricidade altos, situagdes em que as superficies do
mancal estdo excessivamente proximas, ndo foi possivel obter resultado da simulagiio numérica, devido
a problemas de convergéncia.

400 L L L L 1 L L I L L L L 1 L L

-2.2 =18 -14 -10 -06 -0.2 02 06 1.0
excentricidade axial

Fig. 10  Efeito do aumento de excentricldade sobre a capacidade de carga do mancal

Para todos os valores de folga estudados, a curva de carga muda subitamente de comportamento em
algum ponto. Ultrapassado certo limite, pequenos aumentos de excentricidade levam a aumentos
significativos de capacidade de carga, ou seja, ocorre um aumento na rigidez do mancal. Este limite,
como mostram as curvas da Fig. 11, tende a dimimuir com a diminui¢do da folga nominal. Mancais
construidos com folgas grandes tém, portanto, pouca margem de variagdo do seu ponto de
funcionamento. Quando a folga é grande, os pontos de maior rigidez do mancal estio muito préximos
do ponto em que o rotor encosta no estator (e=1), situagdo em que hd um alto risco de falha. A medida
que o mancal € construido com folgas menores. a sua capacidade de carga aumenta, qualquer que seja o
seu ponto de funcionamento. A Figura 12 mostra que este aumento ocorre exponencialmente com a
diminuigdo da folga. Justifica-se, portanto, a construgdo de mancais com folgas pequenas. tanto do
ponto de vista de capacidade de carga como de flexibilidade de funcionumento.
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Uma vez conhecido o comportamento de um mancal individual, é possivel estudar o que acontece
com um mancal duplo-esférico quando ele ¢ submetido a carga. Os resultados tedricos obtidos da
simulagdo de um cabegote composto de dois mancais com folgas de 15,4 pm, submetido a uma carga
axial, sdo comparados na Fig. 13a aos resultados experimentais de Oliveira (1994). Estio apresentados
somente os pontos em que a convergéncia foi completa. Para os pontos apresentados a concordancia &
muito boa, principalmente considerando-se que cada ponto tedrico envolve dois resultados numéricos: a
carga no mancal superior, e a pré-carga, no mancal inferior. Ambas as curvas mostram que a capacidade
de carga do cabegote tende a subir com o aumento de excentricidade. Como mostra a Fig, 10, tal
tendéncia estd associada a forma da curva de carga: um aumento de carga significa um aumento de
excentricidade para o cabec¢ote superior, mas significa também uma diminui¢do de excentricidade, e
portanto uma diminuig¢do de carga (pré-carga), para o mancal inferior, A composigdo destes dois efeitos,
mostrada na Fig. 13b, determina a tendéncia mostrada pela curva de carga do conjunto.
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Fig. 11 Curva de rigidez axial
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Fig. 12 Efeito da varia¢éo da folga nominal
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Fig. 13 Resultados para mancal duplo-esférico

Conclusoes

Verificou-se que os resultados obtidos com a metodologia para o cdlculo de capacidade de carga de
mancais esféricos a gds apresentada nesle trabalho sdo consistentes e coerentes com resultados
experimentais. Nao foi possivel obter convergéncia nas situagdes em que as superficies esféricas dos
mancais estavam excessivamente proximas. Nestes casos. os volumes que correspondem aos restritores
apresentam um fermo-fonte, § na Eq. (26), muito acentuado e seriam necessdrios ajustes no processo de
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discretizagdo para que esta informagio fosse corretamente incorporada ao processo numérico.
Observou-se ainda que, dentro da faixa estudada (154 a 100 pum), a capacidade de carga tende a
aumentar com uma diminui¢io da folga. Além disto. os resultados das simulages indicam que os
maiores valores de rigidez sdo encontrados para valores altos de excentricidade axial (préximos de 1).
Logo, para uma dada folga, o mancal deve funcionar com a maior excentricidade axial possivel, dentro
de um limite de seguranca aceitdvel.
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Muggi-Kane is employed to derive the equanons of motion. In the instant of the collision the problem is rewritten
in terms of impulse and percussion in order to obtain a jump condition in the velocity. Besides the jump condition,
a constitutive equation that relates the velocities before and after the collision is also postulated; it assumes that in
the shock energy is not generated. This avoid the paradox described by Keller (1986) in which the energy increases
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Double-spherical acrostatic bearings are encountered as part of spindles for high precision manufacturing. The
great advantage of this type of bearing is its capacity of supporting both axial and radial loads. When air is used as
the working fluid the spherical bearing can operate al high speed with low heat dissipation. Presently, the design of
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such components relies on empirical information based on available experimental data. In the present work a finite
volume methodology is employed to solve the Reynolds equation applied to an aerostatic spherical bearing. A
theoretical analysis is presented which includes a detailed consideration of the restrictors for the air feeding. Such
devices are very important in providing high stiffness and their modeling requires some assumptions regarding the
airflow through i, Validation of the computer program was performed through comparisons with available
experimental results. Good agreement prevailed between experiment and computation. However, due to the strong
nonlinearities in the governing equations and because the presence of source terms of very high values, for very
small gaps between the spherical surfaces (less than 30 pm) convergence of the numerical program could not be
achieved. Except for this limitation, both theoretical model and the numerical methodology presented here has
proved to be very effective. From the results it was observed that the bearing should operate at an eccentricity ratio
as higher as possible (close w one) for highest stiffness.
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