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Steady, Spatially-Periodic Fully-Developed
Turbulent Flow in Interrupted-Plate Channels
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Abstract

This paper presents numerical results for steady, spatially-periodic, two-dimensional, fully-developed turbulent flows
in interrupted-surface passages. The geometry of interest consists of an array of interrupted plates, in an in-line
arrangement, placed parallel with the main flow direction. Such a configuration can be regarded as a two-
dimensional idealization of the cores of some offset-fin compact heat exchangers. The performance of several low-
Reynolds number, two-equation linear eddy-viscosity models of turbulence is discussed in the context of a time-
averaged formulation. Simulations were carried out for a range of Revnolds numbers and one value of the plate
thickness. Numerical predictions af the friction factor and skin friction coefficient along the plates are compared
with available experimental results.

Keywords: Turbulence, Periodic Flows, Control-Volume Method, Hear Exchangers.

Introduction

Flow passages with spatially-periodic interruptions are commonly encountered in heat transfer
equipment, such as compact heat exchangers (Shah, 1981; Kays and London, 1984). Compact heat
exchangers are used in the chemical, material processing, and power-generation industries, as well as in
automobiles and aircrafts. The interruptions in the flow passages are intended to produce enhanced heat
rransfer rates, but they also cause higher pressure drops than those encountered in uninterrupted
configurations, Thus, the design of such heat exchangers involves an optimization problem in which the
objective is to obtain the maximum heat transfer rate between the hot and cold fluids, for fixed values of
the associated pumping power. Other examples of fluid flow in interrupted passages are provided by
cooling arrangements for electronic equipment (Kakag, et al., 1993; Kelkar et al., 1993: Patankar, 1993;
Wang et al., 1997). Effective cooling of circuit boards in electronic devices is crucial to ensure
reliability of such systems.

The understanding of the fluid flow and heat transfer phenomena that occurs in compact heat
exchangers has motivated researchers for many years. Experimental data on overall heat transfer
coefficients and pressure drops obtained from tests on either actual or large-scale models of heat
exchangers that incorporate interrupted passages have been reported in the literature, examples include
the works of Wieting (1975), Shah (1981}, and Kays and London (1984). Although this data can be
used directly in the design of interrupted-surface heat exchangers, it cannot be used as definitive checks
on numerical predictions because of the lack of necessary local details. Many numerical and
experimental studies of fluid flow and heat transfer in simplified periodic geometries have also been
reported in the literature. Most of the investigations were concerned with steady-state laminar [lows
(Patankar et al,, 1977: Patankar and Prakash, 1981; Sebben and Baliga, 1996a; Fowler et al., 1997).
However, typical ranges of the Reynolds number in compact heat exchangers extend from a laminar
flow regime to a low Reynolds number turbulent flow regime (Kays and London, 1984).

Over the last decade, experimental and numerical studies of statistically steady, spatially-periodic
turbulent flows have also appeared in the literature. Examples include the works of McBrien and Baliga
(1988), McBrien (1989), Faghri and Asako (1990), and Kim and Anand (1994). The numerical solution
of the problem in conjunction with the time-averaged form of the governing equations has become a
common practice in these type of turbulent flows, mainly due to the high computational effort required
by unsteady formulations. For this reason, relatively few numerical investigations of unsteady turbulent
flows in interrupted-surface passages have been reported. Some examples are the works of Ciofalo and
Collins (1992), Ciofalo et al, (1996), and Sebben and Baliga (1996b).

The present paper describes the analysis and results for statistically steady, spatially-periodic, fully-
developed wrbulent flows in the interrupted-plate rectangular duct illustrated in Fig. I(a). Two-
Manuscript received: January 1997. Technical Editor: Angela Qurivio Nieckele
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dimensional numerical simulations were performed using seven low-Reynolds numbers, two-equation,
linear eddy-viscosity models of turbulence (EVMs). The intention in this work was to compare the
numerical predictions of the friction factor and skin friction coefficient to the available experimental
data from McBrien (1989), and discuss the relative performance of several low-Reynolds number
EVMs 1n the context of a steady Reynolds time-averaged formulation. A concise description of the
rationale for the choice of eddy-viscosity based, low-Reynolds number time-averaged models is also
discussed. The work reported here is part of an effort of parallel investigations of unsteady, self-
sustained oscillatory flows in interrupted surfaces of the type encountered in compact heat exchangers.

Mathematical Formulation

The problem of interest involves statistically steady, two-dimensional, spatially-periodic fully-
developed turbulent flows in rectangular interrupted-plate ducts akin to that shown in Fig. 1(a). Such
ducts are characterized by geometrically identical and spatially-periodic modules as illustrated in the
cross-sectional view presented in Fig. 1(b). In this figure, a spatially-periodic geometric module is the
domain indicated as ABCDA. Attention is focused in the region ABCDA because, with the assumption
of statistically steady flows, the channel centerline becomes a symmefry line and, therefore, the
calculation domain can be limited to one-half of the channel height (region ABCDA). It is to be noted
that effects of vortex shedding have not been considered in the present investigation, even though
vortex shedding from the plates can occur for some combinations of the Reynolds number and
geometrical parameters of the duct. This assumption implies that the frequencies of vortex shedding are
treated in the same manner as flow turbulence, and are time-averaged to allow steady time-mean flows.
As previously mentioned, this consideration is often made to reduce the computational costs involved
with an unsteady approach to the problem. It is also assumed that the fluid is Newtonian,
incompressible, and with constant thermophysical properties. This assumption is commonly invoked in
design calculations for plate-fin heat exchangers, with the fluid properties values based on mean bulk
temperature.

(a)
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Fig. 1 (a) Rectangular Interrupted-Plate Duct; and (b) Cross-Section View, Associated Nomenclature and a
Representative Geometric Module ABCDA

A

Typically, for steady flows in interrupted passages, a spatially periodic fully-developed behavior is
attained after a short entrance region, about 5 to 10 geomeltrical modules downstream from the inlet
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plane (Sparrow et al., 1977; Sparrow and Hajiloo, 1980; Loehrke and Lane, 1982). In the fully-
developed regime, the distributions of the velocity components repeat identically in successive
geometrical modules (Sparrow et al., 1977). With reference to Fig. 1(b), the periodic behavior of the
time-averaged velocity components can be expressed as:

wlx,yl=w(x+{L+s)y)=w(x+2{ L+s}y)=.. i1

where (L+s) is the length of one module.

A procedure for the solution of the flow in a single module in the fully developed region has been
described by Patankar et al. (1977). As explained by Patankar et al. (1977), the reduced pressure, p, can
be expressed as a linear combination of an overall pressure drop, which drives the flow in the
streamwise direction, and a pressure P which is related to the details of the local motions in the
geometric module. Thus, the reduced pressure can be expressed as follows:

plxyl=—fc+Plxy) (2)

where the term 18 a uniform value for the entire periodic region, and is responsible for the overall
mass flow rate through the module. In the present work, 3 is treated as an adjustable parameter so as to
obtain a desired, or specified Reynolds number in the problem. The pressure P behaves in a periodic
manner from module to module. Akin to the velocity field, the periadic condition for Pfx,y) can be
writlen as follows:

Plx,y)=P(x+{ L+s)y)=P{x+2({ L+s5).y)=.. (3)

Using Eq. (2). the time-averaged continuity and momentum equations can be written as:

P

e M 4

o )
o B o s -

P“;ax—j=ﬁ‘5;f“ar—i+al—,j[ﬂg;-ﬁ’“i“j] (3)

where &, is the Kronecker delta, and the correlation puk; is interpreted as the turbulent stresses.
commonly referred to as the Reynolds stresses. They are unknown elements in the time-averaged

equations and need fo be modeled in order to “close™ the set of equations.

In this work, six variations of the low-Reynolds number & —& model were assessed o predict the
flows of interest: The Jones and Launder (1973) and the Launder and Sharma (1974) models, which
will be denoted as JL and LS, respectively; the Jones and Launder (1973) and Launder and Sharma
(1974) models with a modification proposed by Hanjalic and Launder (1980), which will be denoted as
JLH and LSH, respectively; and the Launder and Kato (1993) model with the closure coefficients
proposed by Jones and Launder {1973) and Launder and Sharma (1974), which will be denoted as LKJ
and LKS, respectively. The low-Reynolds number k-@ of Wilcox (1988, 1993), WL, was also
assessed in the present investigation.

Within the framework of Reynolds averaging, eddy-viscosity based models remain the most widely
used “fast” engineering methods for computing complex turbulent flows (Wilcox, 1993; Hanjalic, 1994;
Launder, 1995). Computationally, EVMs offer advantages over Reynolds Stress Models (RSM), Direct
Numerical Simulations (DNS), and Large Eddy Simulations (LES), due to relatively simple
implementation and lower computational costs. For these reasons EVMSs have been used in this work.
Because the flows of interest involve interrupted-plates, separation and reattachment regions, low-
Reynolds number EVMs were preferred as it would be difficult o justfy the use of high-Reynolds
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EVMSs with wall functions in the modeling of such flows. With regard to the different low-Reynolds
number EVMs tested, the modifications included in the JLH and LSH models were proposed by
Hanjalic and Launder (1980) in order to improve the predictions obtained with the JL. and LS models in
flows with adverse pressure gradients. The model of Launder and Kato (1993), initially proposed for
penodic unsteady flows with vortex shedding, is tested here to evaluate its performance in a steady
formulation of the governing equations.

The time-averaged equations for these various low-Reynolds number & —¢ models can be written

as follows:
’ 2

* _a 4, aﬂ ~ . [k .
pup——=0— [p+— — |+ P =pE=20| — (6)

x; 8xj{ Oy )ox; ok,

2% 2 u, ) 9% 2 2u[ 2 (o]

T +P-C S — M
Du,dt;_ &r,-[("+af]dx}] 2ef2P ) ar 7 7]

[tis to be noted that Eq. (7) is written in terms of £, rather than the dissipation £ . The dissipation,
€, is related to the quantity € by e£=¢,+¢, where £, is the finite value of £ at the wall. The
practice of writing the rate of dissipation of k. and its govcrmng equation in terms of €, rather than ,
has the computational advantage that € becomes zero at a solid wall. In the above equations, the

turbulent viscosity, ft,, is given by g, =f ¢, pk- /€, and the production term of the € equation, P, ,
is given by Bo=f7[Crp Bl 1-8 J+(,,£h3 HE/K).

Overall, the six k-¢ models used here, named: JL, LS, JLH, LSH, LKJ, and LKS, contain
five closure coefficients that originated from the high-Reynolds number version, plus other dumping

Table 1 Constants from the High-Reynolds k - ¢ Model

Cu Ok O Che Cae
0.09 1.0 13 1.44 1.82

lunctions due to low-Reynolds number modifications. A summary of these various closure coefficients

and dumping functions is given in Tables | and 2, respectively. The expression for the turbulence
production term, P, , for these various models is given in Table 2.

Table 2 Constants and Expressions Used in the Low-Reynolds k - ¢ Models

k - £ f_u fi f.‘ Cie Py
Ju o8 1 -Re 1.44
i T
LS 2 1 -Re! 1.44 s\ ke
1= 3e ' J
(302
JLH - - 1 - Ref 4.44 :
o 1702 Re ) 3¢ Re m(_ﬁ_}ra‘.]%
LSH =l 1 ~Ref 4.44
'} i (]
LKJ eﬁf—t;i"T: 1 I 3¢ R 1.44
H,

e{hﬂ-ﬂ:&,}"

LKS W It 1 I-JevR"ll 1.44 J . 5 J
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The time-averaged equations for the low-Reynolds number kx-@ model are now presented.

Following Wilcox (1993), they can be written as:

gl p,]&
il R pil s PR ol P )

do d U, | dw @
Y Dy [#*é]&—j}ﬂmrﬁ - Capp®’

where the specific dissipation rate, @ , is defined as;

The turbulent viscosity, 1, Jis given by u, =

(8)

(9)

pk/w.and P, is modeled as in the JL, LS, JLH, and

LSH models. The values of the five closure coerﬁncnts of the k—m model are presented in Table 3.

Table 3 Constants in the k - @ Model

Cu oy To Crar Con

0.09 2.0 2.0 5/9 5/6

With reference to Fig. 1(b), the boundary conditions for the problem are the following: Periodic
conditions across AD and BC; v = 0 and symmetry conditions for u, k, €. and @ along line AB; and
u=v=k=¢=0 at the surfaces of solid boundaries. For the x —@ model. the boundary condition on @

at the solid boundaries is given by (Wilcox, 1988):

_O(u/p)
Gy’

(10}

where A represents the physical normal distance to the solid surface of the first adjacent @ grid-point.

Wilcox (I988) recommends that the location of the mesh points closest to the solid surfaces be
chosen so that A” </ and that adjacent to each solid surface, at least five mesh points along each wall-

normal grid line lie w:thm A" <25 . The quantity A" represents a dimensionless normal distance from

the wall, defined as: A =pu A/ pt .

With reference 1o the notation in Fig. L(b), the computations were performed for the following

nondimensional geometrical parameters:

S _on Loz Soy7
' H H H

(1n

The results are presented in terms of nondimensional quantities: the Reynolds number, Re. the

friction factor, ff. and the skin friction coefficient on the surface of the plate, 7.

defined as:

RFprZU)' = &22;' A r.z,_z
H 0.5pU 05pU

where U is the time-mean streamwise average velocity.

These quantities are

(12)

Four Reynolds numbers were considered: Re = 4997, 10980, 16930, and 27840. These values of the
geometrical parameters and Reynolds number where chosen so as to match those considered by

McBrien (1989) in his experimental investigation.
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Computational Details

The computational domain was confined to the region denoted by ABDCA in Fig. 1(b). It was
discretized using staggered grids for the velocity components and pressure, as discussed by Patankar
(1980). As can be seen in Fig. 1(b), the calculation domain includes a solid region (plate), as well as a
fluid flow region. A convenient method to treat internal flow blockages (plates) has been discussed by
Patankar {( 1980): It consists of setting the fluid viscosity equal to a very large number; in addition, in the
present computations, the coefficients of the discretized equations were overwritten so as to obtain
identically zero for the dependent variables (4, v, P, k, € ) in the blocked zones. The coefficients of the
discretized equation for @ were set so as to satisfy the boundary condition given by Eq. (10) close to
the solid surfaces.

All computations were performed with nonuniform grids, When using low-Reynolds number
turbulence models. fine grids are needed in order to adequately resolve the very steep gradients of the
dependent variables through the viscous sublayer, all the way to the wall. Furthermore, in order to place
the first gnd point adjacent to a solid boundary within the desirable normal nondimensional distance of
A" <], the corresponding required physical distance, A, can be very small, specially for higher
Reynolds numbers. This restriction made the use of uniform grids prohibitve,

The momentum equation, Eq. (5), was discretized using the QUICK scheme of Leonard (1979).
The SIMPLEC algorithm of Van Doormaal and Raithby (1984) was used to solve the discretized
momentum and pressure correction equations. The trunsport equations for the turbulent quantities &, € ,
and @ were discretized using the hybrid scheme (Patankar, 1980). The use of higher order schemes,
such as the QUICK scheme of Leonard (1979), in the discretized equations of k, €, and @ can
produce negative coefficients, which in turn, can lead to negative effective turbulent transport
coefficients and numerical instability (Lien and Leschziner, 1994), Such negative values can appear
particularly in regions where the actual (positive) k and & values are close to zero. In most
circumstances, however, the turbulent transport equations are dominated by their source terms. Thus,
the order of the scheme used in the discretization of the convective terms in these equations is of
relatively little importance, provided it is done consistently (Lien and Leschziner, 1994). Based on the
aforementioned justifications, in this work, the QUICK scheme was used for the discretization of the u
and v equations, while the hybrid scheme was used for the &k, € and @ equations,

Four line-by-line iterative algorithms were used to solve the nominally linear and decoupled set of
equations; the tridiagonal and pentadiagonal matrix algorithms (TDMA and PDMA), and the cyclic
tridiagonal and pentadiagonal matrix algorithm (CTDMA and CPDMA). The cyclic algorithms are
required for lines of nodes along which the periodic boundary conditions apply (AD and BC). Detailed
descriptions of these and related algorithms are available in the work of Sebben and Baliga (1995), for
example. Generalized block-correction procedures (Settari and Aziz, 1973) were used for the velocity
components and pressure correction, in order to speed up the convergence of the line-by-line
algorithms. The block-correction procedure was not used in the iterative solution of the discretized
equations for k, €, and @, as it did not improve the overall rate of convergence of these equations,

To start the calculations, an initial value of [ had to be specified. The experimental values of the
Reynolds number and friction factor results of McBrien (1989) were used to obtain initial values of 3
using Eq. (12). For each run, 8 was adjusted at each iteration of the overall solution procedure, so as to
maintain the Reynolds number at the desired value. The procedure for adjusting § was the same as that
proposed by Kelkar et al. (1993). Following the recommendations of Kelkar et al. (1993), the value of
p atthe end of each SIMPLEC iteration, was modified in the following manner:

B=p"y* where y=U/U"

where U is the averaged velocity that will generate the desired Reynolds number, [ “ is the average
velocity of the last available flow field, corresponding to the pressure gradient ", and the exponent
a is an underrelaxation factor set equal to 0.9. In the end of each iteration, after adjusting S . the
velocity field was adjusted as follows:

[l
=upy



e e R R ——— =

T o o el e

5. Sebben: Steady, Spatially-Periodic Fully-Developed Turbulent Flow ... 451

Convergence was considered to be achieved when the sum of the absolute \aluee of the normalized
residues of the discretized equations for u, v, k, €. and @ were less than /0™ . The underrelaxation
factors for k, £, and @ were set equal to 0.9, while for « and v they were calculated at each iteration
using the following expression:

| | Za,,b —SpdV
"leanb|

where /j are nodal indices that cover the entire solution domain; a,, are the coefficients of the
discretized equations: Sp is part of the linearized source term (as discussed by Patankar (1980)): and
AV 1s the volume of the control volume.

a=MfN[ (13)

Results and Discussion

Validation of Computations

The finite volume method (FVM) code was subjected to numerous verification tests, in accordance
with well-established guidelines, such as those discussed by Patankar (1980). The capabilities of the
code to solve spatially-periodic, fully-developed flows is well documented in Sebben and Baliga
(1996a). Steady, fully-developed turbulent flow in a two-dimensional straight channel was the problem
considered to test the implementation, in the computer code, of the low-Reynolds number versions of
the k—¢ and k- models (the JLH, LSH, and WL models were tested). Steady, fully-developed
flows in straight channels can be predicted by solving a one-dimensional formulation. However, for
testing purposes, two-dimensional simulations were carried out to check the two-dimensional
implementations of the aforementioned turbulence models. In the simulations, periodic conditions were
imposed at the inlet and outlet flow boundaries. The results of these computations were checked against
the Prandtl-Jones correlation (Jones, 1976) which gives the friction factor as a function of the Reynolds
number. Calculations for Reynolds numbers in the extreme range of the Re values investigated in the
interrupted-plate channel flow problem were considered. The friction factor resulis, particularly those
obtained with the JLH model, agreed well with the corresponding values yielded by the Prandtl-Jones
correlation, Specifically for the JLH model, the values were within 2% of the Prandtl-Jones correlation
values. Detailed description of these results can be found in Sebben (1996).

The solution of the aforementioned test problems allowed an effective evaluation of the validity and
capabilities of the proposed FVM computer code for predicting spatially-periodic, fully-developed
turbulent flows in interrupted-plate geometries.

Grid Independence Study

Friction factor results obtained with two nonuniform grids are presented in Table 4 for all seven
turbulence models used in this work. The number of control volumes in the two nonuniform grids were
Grid 1 = 72x100 and Grid 2 = 144x200, in the x and y directions, respectively. A larger number of grnid
points were concentrated near the solid walls and plate surfaces. A typical grid pattern is illustrated in
Fig. 2.

il
o

Fig. 2 Representation of the Grid Layout Corresponding to Grid 1 = 72x100 Control Volumes
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From Table 4 it can be observed that the friction factor values calculated with the JLH model show
the smallest differences in the results obtained with the two grids considered: These differences range
from 0.25% to 4.5% for Re = 4997 and 27840, respectively. On the other hand, the results obtained with
the WL model show the biggest differences in the values obtained with the two grids: These differences
range from 13% to 25% for Re = 4997 and 27840, respectively. For the other models, these differences
in the friction factor results are all within 10%. It is also noted that the JL, JLH, and LKJ models are
less sensitive to grid refinement than the LS, LSH, and LKS models, respectively. The only difference
between the JL and LS models is in their expression for the damping function, /. This statement also
applies to the JLH and LSH models, and to the LKJ and LKS models. As expected. for each model, the
difference between the results obtained with the two grids increases as the Reynolds number increases.
This is because with any given grid, as the Reynolds number increases, the gradients that occur near the
solid regions are steeper.

Table 4 Friction Factor Values Obtained With Seven Turbulence Models:
Grid 1 = 72x100 and Grid 2 = 144x200 Control Volumes

10
Re Grid JL LS JUH LSH LKJ LKS WL
4997 1 8.308 B.240 7.144 6.673 7.460 7.078 8.836
2 8.127 7.691 7.126 6.462 7.338 6.776 10.13
10980 1 8.995 B.924 6.693 6.449 7.660 7.590 6.729
2 8.482 B.258 6.479 6.085 7.281 7.065 8.360
16930 1 9.121 9.005 6.588 6.407 7.732 7.638 6.246
2 8.498 8.261 6.327 6.004 7.401 7222 7.954
27840 1 9.090 8.871 6.407 6.272 7.688 7.607 5758
2 B8.401 8.183 6.129 5.857 7.333 7127 7.666

In general, the number of grid points used in the y-direction, in both grids, was large enough to
guarantee that the mesh points closest to the solid wall and plate surfaces were below the A" =]
values, for all models and Reynolds numbers studied. In the x-direction, however, this condition was
satisfied only in the lower range of Reynolds number. For Re = 27840 and Grid 2. the normal distance
of+thv: grid points closest to the plates in the streamwise direction yielded A™ <2, rather than the desired
AT <),

Friction Factor Results

Plots of the ff versus Re results, along with the experimental data of McBrien (1989), are shown in
Figs. 3(a) to (g). In these figures, the filled circles () represent the experimental data of McBrien
(1989), the triangles (A) represent the numerical results obtained with Grid 1, and the squares ( ()
represent the numerical results calculated with Grid 2.

The plots in Figs. 3(a) to (f) show that the results obtained with the JL, LS, JLH, LSH, LKJ, and
LKS models are quite unsatisfactory, even with the finer grid (denoted by ). The absolute values of
the difference between the computed results and the experimental results of McBrien (1989) can be as
high as 30%. Furthermore, the experimental results show that ff values decrease appreciably with Re, in
the range of parameters studied. However, the ff values obtained with the JL., LS, LKIJ, and LKS models
increase with Re, albeit only slightly, The ff values obtained with the JLH and LSH models show a
frend that is similar to that of the experimental results, but, quantitatively, these computed results
decrease only very slightly with Re. It should also be noted that the differences between the ff values
obtained with the JL and LS models are rather small (€ 5% in most cases), with the LS model
predictions slightly lower than those of the JI. model. This observation also applies to the ff values
obtained with the LKT and LKS models, and the JLH and LSH models.
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Fig.3 Comparison Between the Experimental Friction Factors of McBrien (1989) and the Numerical Values
Obtained with Seven Different Turbulence Models

The effect of using the Hanjalic and Launder (1980) modification is quite significant, as can be
observed with reference to Figs. 3(a) and (c). and (b) and (d). The JLH and LSH friction factor results
are lower than the corresponding values obtained with the JL and LS models. The effect of this
modification is more prominent at higher values of Re, with a difference of as much as 40% in the ff
‘values at corresponding Reynolds numbers.

The results obtained with the WL model (Fig. 3(g)) show the best agreement with the experimental
‘results, both qualitatively (trend) and quantitatively. However, the differences between the ff values
‘obtained with Grid 1 (A) and Grid 2 () are rather large, relative to these grid-related differences in the
‘resulis obtained with the other wirbulence models. Furthermore, it was found that the WL model results
‘are very sensitive to the placement of the grid points adjacent 1o the solid boundaries. This statement
‘applies even when the recommendations of Wilcox (1988) (namely, normal distance from a solid
bounda:y of the first adjacent grid point should give 4" </, and the next four nodes should satisfy
- A" < 2.5 are met. It should also be noted that in order to meet these recommendations, very fine grids
‘are required in regions adjacent to solid boundaries, As mentioned before, for the case of Re = 27840,
the recommendation of the first grid point within A" </ was not satisfied in the streamwise direction
even with the finer grid (Gnd 2).

Streamline Plots

A good qualitative appreciation of the flow field behavior can be obtained from the streamline plot
Ipresented in Fig. 4. This streamline plot is for Re = 10980 and was obtained with the W)L model and



e

454 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, December 1997

Grid 2. In Figure 4, a very small recirculation zone is observed at the plate leading edge as the flow
impinges the plate. Downstream of the plate trailing edge a recirculation zone of approximately 58 in
length is also observed. The streamlines in the core region of the channel are more or less aligned with
the mean flow direction,

&5 e ™

— ]

Fig. 4 Streamline Plots for Re =10980 Obtained with the WL Model

Skin Friction Coefficient Distributions

For Re =10980, distributions of skin-friction coefficient, ¢, =, /0.5pU ", on the surface of the
plate are presented in Fig. 5. Results obtained with the JLH model and the WL model are presented in
this figure. It is seen in Fig. 5 that, up to &/H=0.68, the two models behave quite differently, with the
JLH model given rise to a much longer separation zone at the plate leading edge. After x/H=0.68 there
is a pretty good agreement between the results obtained with the two models.

For the WL model. the ), plot in Fig. 5 shows the following features: (i) a high positive value o
r,. nght at the leading edge of the plate (v/H=0): (4} a sharp high negative peak of 1), in the region o
O<x/ H<004: (i) a second negative smooth peak of . that extends up to &/H = 0.12: (iv) .

relatively smooth rse in 77, from 71, =-00/2 1w 715,=0012. roughly, in the regio
(L12<y/ H=2068 0 (v) u constunt value of 1) equals to 0,012 almost all the way to the plat
wailing edge: (vi) a sharp rise in 7, 1o a value ol (.24 at /H = 1.77. (The nondimensional length of th

plate is L/H = 1.77).
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Fig. 5 Distribution of the Skin-Friction Coefficient on the Surface of the Plate for Re = 10980

The aforementioned features of the skin friction coefficient distribution obtained with the WL
model compare rather well with the 7] distribution that can be inferred from the plate-surface oil-flow
visualization obtained experimentally by McBrien (1989). with exception to the plate trailing edge
region. In particular, the smooth oil-flow pattern in the vicinity of the trailing edge of the plate in the
experimental results of McBrien (1989) is entirely missed by the numerical calculations, which
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predicied a constant value of 77, almost all the way to the end of the plate. A photograph of the surface
streamline pattern obtained by McBrien (1989) for the same interrupted-plate duct and Re = 10980 is
given in Fig. 6.

Fig. 6 Plate-Surface Streamline for Re = 10980, Main Flow Direction is From top to Bottom of the Picture:
Experimental Results of McBrien (1989).

Experimentally, the flow undergoes strong accelerations at the plate trailing edge region, which are
caused by an oscillating wake and possible vortex shedding. This flow acceleration gives rise to the
smooth oil-flow pattern seen in Fig. 6 in the vicinity of the trailing edge of the plate. In the present
steady-state simulations, however, there are no wake oscillations, or vortex shedding, thus the flow over
the plate in the vicinity of the trailing edge does not undergo any significant acceleration, except at x/H
=177,

Conclusions

A numerical investigation of steady, spatially-periodic fully-developed turbulent flow in
interrupted-plate ducts has been presented in this paper. Seven versions of the low-Reynolds number,
two-equation linear eddy-viscosity models of wrbulence were assessed, and the results obtained were
compared with available experimental data.

Comparisons of the friction factor values between the available experimental results and the
numerical results obtained with the seven turbulence models showed that none of the models are
entirely satisfactory. The calculated friction factor results showed good qualitative agreement (trend)
with the experimental resulis with three of the models tested, namely: the JLH, LSH, and WL models.
The results obtained with the WL model showed the best quantitative agreement with the experimental
data. However, it was found thal the WL model results are very sensitive to the number of grid points,
and also to their location adjacent to solid boundaries.

The skin friction coefficient distribution on the surface of the plate showed good agreement with the
distribution that can be inferred from plate-surface oil-flow visualizations obtained experimentally,
except close to the trailing edge of the plate. In this region, unsteady effects due to wake oscillations or
vortex shedding can be significative. Such effects, which can only be capuured with an unsteady
formulation of the problem, may explain the poor agreement obtained in the plate trailing edge zone.
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Abstract

Local measuremenis are of primary impartance for the characterization of gas-liquid twe-phase flows, both for
processes control and numerical modeling validarion. It is a very active research field due to the increasing number
of applications in the thermohydraulics of heat exchangers, nuclear plants, chemical processes and oil indusiries.
Thixs paper presents the local measuremenis in a vertical upward air-water flow using the electrical resistivity double
probe technique. The test section was a 80 mm i.d. and 160 cm long Plexiglas pipe. Five different gas superficial
velocities, ranging from .02 to 0.10 m/fs. were used in combination with two liguid superficial velocities of 0 and
0.10 m/s. A resistivity double probe was employed for measurements of the radial profiles of void fraction, bubble
[requency, bubble interface velocity, interfacial area concentration and Sauter mean diameter.

The electrical resistivity probe method consists of a instantaneous measurement of the local electrical resisiiviry in
the two-phase flow by means of a sensor electrode. Since the circuit is opened or closed depending on whether the
sensor Hp is in contact with gas or liguid, the probe behaves in principle like a switch. yielding a two-stage signal.
However, 1o oblain a true square wave type signals, a proper threshold voltage has 10 be used as a triggering
criterien. Herein the signal conditioning ts discassed and the influence of the threshold level is analvzed,

With a probe with two sensors displaced axially, the bubble interface velocity could be determined from the time
delay which gave maximum correlation between the sensor responses. These values of gas velocity in conjunction
with void fractions could be integrated 1o give average gas superficial velocities. Values determined in this manner
were compared to values from the inler gas flowrate measurements and showed an average deviation of lesy than 6%
for bubbiv flow,

Keywords: Two-Phase Flow, Instrumentation, Local Measurement, Resistivity Probe, Double Probe

Introduction

Two-phase flows consisting of simultaneous flow of liquid-vapor or liquid-gas are encountered
quite frequently in power generation systems. heat exchangers, chemical reactors, oil industry and other
industrial processes. In these two-phase flows, several flow regimes are encountered where the gas
phase may occur in various patterns, from small bubbles to large slugs or as a continuous phase with or
without liquid films or droplets. The bubble size and their distributions in these regimes vary with the
liquid and gas superficial velocities, flow geometry and local conditions. A detailed knowledge of the
flow regimes and local flow characteristics is very important in developing predictive tools, In addition,
theoretical modeling of two-phase flow studies is often based on very specific local hydraulic
conditions. An experimental verification of such analytical descriptions thus requires a very fine and
detailed determimation of the relevant local parameters.

In the study of two-phase flow there has been a strong need for instruments able to measure the
detailed distribution of various local parameters, such as the disiribution of the two phases, the bubble
size distribution and the bubble frequency,

One of the requirements of a suitable measuring method would be the absence of obstructions in the
flow channel. At least three methods meet this requirement: laser-Doppler anemometry, ultrasonic pulse
transmission and particle image velocimetry. However, these methods are only applicable where the
dispersed phasc is sufficiently dilute, i.e.. for low void fractions.

In view of the intention to measure local variables in gas-liquid flows with void fraction possibly
ranging from zero to unity it is inevitable to use a probe technique. In a recent review work, Cartellier
and Achard (1991) have shown that the most powerful probe rechniques are electrical resistivity probe.
optical probe and hot film anemometry. Among these techniques, the advantage of electrical resistivity
Manuscript received: July 1996. Technical Editor: Angela Ourivio Nieckele
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probe is that both the sensor and the detecting electronic circuit are easy (o be realized. In this work, a
double sensor resistivity probe was used for the measurement of the radial profiles of void fraction,
bubble frequency, bubble interface velocity, interfacial area concentration and Sauter mean diameter.

Since the fundamental works of Serizawa et al (1975) and Herringe and Davis (1976), continuous
progress has been made with respect to the application of electrical resistivity probe technique o
studying local two-phase flow parameters. Progress has been done both on the sensor geometry and on
the threshold procedure. The experimental work of Van der Welle (1985) was dedicated to the local
measurement of the void fraction, bubble velocity and bubble size in air-water flows, using a double
probe. Kataota et al. (1986) introduced a local formulation of the interfacial area concentration and
proposed a three double-sensor probe, Teyssedou and Tapacu (1988) used a single probe for the
measurement of the void fraction profile in air-water flows. In the work of Barnea and Shemer (1989) a
single probe was used for the measurement of the void fraction at the centerline of a vertical pipe in
upward air-water flow. Kocamustafaogullari and Wang (1991) presented an extensive work on the local
measurement of the void fraction, interfacial area concentration, mean bubble diameter and bubble
interface velocity in a horizontal air-water flow, using a double probe. Liu and Bankoff (1993}
developed a miniature double probe for the local measurement of the void fraction, bubble velocity and
bubble size in air-water bubbly flow. In the work of Leung et al, (1995) a double probe was used to the
study of the axial development of the interfacial area and void fraction profiles.

The Electrical Resistivity Probe Technique

Measuring Principle

In principle the electrical resistivity probe method consists of a instantaneous measurement of the
local electrical resistivity in the two-phase flow by means of a sensor electrode. A typical resistivity
probe is depicted in Fig. 1.

second
* electrode
insulation
uninsulated —  wire
g V

Fig. 1 Typical Resistivity Probe

Basically the sensor works as an identifier of a phase surrounding the probe tip. Since the circuit is
opened or closed depending on whether the sensor 15 in contact with gas or liquid, the probe behaves in
principle like a switch, yielding a two-stage signal. Such a signal shows a nearly immediate response to
water contact with the probe. but a delayed response to bubble contact, due to the required dewetting
time of the probe tip. Indeed, the sensor does not penetrate the interface without deforming it
Moreover, the instantaneous resistivity depends on the fraction of the sensitive tip area wetted by one
phase, and therefore, long sensitive length induces smooth signal transitions. Minimization of this
delay. i.e., approximation of a square wave shape, is desirable for signal conditioning. However, 1o
obtain a true square wave type signal, a proper threshold voltage has to be used as a triggering criterion.
The value of threshold voltage can be obtained by processing the data for void fraction and by
comparing it with other reference measuring method.

Signal Conditioning

The most common method of signal conditioning is based on a single threshold level whose
intersections with the raw signal determine the start and the end of rectangular waves, producing thus a
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succession of gas residence tmes. This approach has the inherent disadvantage that signals which do
not reach the threshold level will be undetected. Hence the threshold level must be set as close 1o the
liquid signal level as possible, in order to minimize the influence of the dewetting ime and to take
account of small bubbles.

No agreement exists in the literature, neither for the recommended threshold level, nor for the
resulting performance. Nevertheless. the threshold level usually ranges from 10% to 50% of the static
high level signal.

The problem 1s further augmented in practice by shifts in the liquid signal level. This problem can
be avoided by comparing the samples with a self-adjusting threshold level. First the data were divided
in many data blocks (typically 16000 samples). Before a data block entered a phase discrimination
routine, the maximum M and the minimum N values of signal were determined in advance. The
threshold level T 1s given by:

T=(M-N}-S+N (0

where § ranges from zero (o one.

The main advantage of this phase discrimination method is that every data block has a flexible
threshold level, even for the same value of 5. This 15 of practical importance if the liquid signal level
drifts.

Signal Processing

As the conditioned signal consists of a train of square waves, the signal has to be processed such
that the local parameters can be obtained.

The local void fraction is defined as the time average of the phase indicator function X by:

T
o= lim Ii X{x.r ddr (2)

T
4

in which X as a functuon of position x and time ¢ equals one for the gas phase and zero for the liguid
phase.

As the conditioned signal is given in discrete binary form, Eq. (2) can be written as;

N
a:%z X(i) (3)
i={

in which N is the total number of samples and X(f) the binary signal.

The residence time for a bubble follows from the block length of the square wave signal, i.e., from
the number of continuous samples » in the gas phase, and from the sampling frequency f:

Ty= @

The local bubble interface velocity may be determined from the signals of two probes placed in the
flow direction. A bubble which contacts the front probe will. in general, subsequently makes contact
with the rear probe. The time delay between these two contact signals is a measure for the velocity of
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the bubble. It is of course possible that a bubble is only pierced by one of the probes; this error source
should not cause any problems provide this stochastic process is observed over an adequate length of
time. A correlation technique will be required to determine the most probable time delay between two
stochastic signals. The cross-correlation function of the two probe signals @ and b is defined by:

-
Fulx.T)= lim —‘i al x,t p{ x+d, 1 +7 )dt (5)
T—PMTU

where d is the distance between the probes and T is the time delay. The maximum of the correlation
function yields the most probable time delay 7, from which the bubble interface velocity component in
the axial direction is determined as:

S ©®

For two identical signals shifted relative to each other the correlation function yields a triangular
shaped function. In case of nonidentical signals, i.e., when the width of the blocks differs, the top of the
correlation function is broadened, which may generate difficulties in determining 7, . In practice,
however, the correlation functions show a single maximum, Tt can be shown that the error in
determining T, is inversely proportional to the number of samples within the time delay T, , that is, if
the sampling frequency is sufficiently large, the error in the measured velocity can be kept sufficiently
low.

The chord length { of a bubble follows from the block length of the square wave signal, i.e., from
the number of continuous samples »n in the gas phase, and from the bubble interface velocity v; obtained
from Eq. (6):

e

Pk (7
f

where fis the sampling frequency.

The transformation of a chord length into a bubble diameter remains problematic, as a certain chord
length can correspond to a small chord in a large bubble or a large chord in a small bubble. Moreover,
the velocity of the bubbles may differ. This problem may be overcome if the following assumptions are
made:

s the bubbles are spherical;
= the probe has equal probability of piercing any point on the projected frontal area of the bubbles;
= all bubbles travel in the same direction with the same average velocity.

If the probability density function of the measured chord lengths is denoted by g(!) and that of the
detected bubbles diameter by f{d). it 1s shown by Herringe and Davis (1976) that:

1 .
ffd.1=5(8(1’1—!'8'(“) (8)

The use of this equation to obtain the function ffd) requires differentiation of function g(l), which
can cause substantial errors, due to inaccuracies in the experimentally determined distribution gfl). On
the other hand, some investigators report that bubbles which are not centrally pierced will tend to
displace their center in such a way that anyhow the diameter is measured. This point of view makes the
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second one of the above assumptions rather doubtful, and in some works the bubble diameter is
assumed to be equal to the measured chord length, so that fid)= g{/).

[t must be noted that the distribution functions and mean diameters obtained are only representative
of derecred bubbles. The spectrum of detected bubbles will in general not be representative of the
spectrum of existing bubbles, as the probability for the probe to detect a bubble is inversely
proportional to the cross-sectional area of the bubble, i.e.. dy’. If we denote the probability density
function of the detected bubbles by fid) and that of all bubbles with center passing through a unit area
of the cross section by j{d), it is shown by Herringe and Davis (1976) that:

Sd)

jld)=k=—— (3]
dj
where
i 8
n N;,

in which n is the number of detected bubbles and N, is the total number of bubbles passing through a
unit area. The function j(d) will yield a much narrower bubble size range and much smaller mean
diameters than those obtained from the function fid} due to the division by d,°.

The ume-averaged interfacial area concentration a; can be obtained by counting the number of
interfaces passing the probe per unit time N, and knowing the interfacial velocity v; and the angle ¢
between this velocity and the normal vector of the interface (Kataota et al., 1986):

!

ﬂj(.‘): 2.&" m
]

(1

In practice, 1t is difficult to determine the angle ¢ . However, with the assumption that the interfaces
are composed of spherical bubbles, the probe passes every part of bubble with an equal probability and
the interfacial velocity has the same direction of the probe tips, the interfacial area concentration can be
determined (Vetau, 1981) by:

!
ai{x1=4N,— (11)

b

The profiles of the interfacial area concentration and the void fraction can be used to determine the
Sauter mean bubble diameter vanauons along the cross section, The definition of the Sauter mean
bubble diameter assumes spherical bubbles and is given by:

N,

Enk D"’

_ k=]
Dy =l —— (12)

Enk D*"

k=/

where n; 15 the number of bubbles ol size D; and N, is the total bubble size classes.

From the definitions of void fraction and interfacial area concentration for spherical bubbles, it can
be shown that:

6 of x)

D (x}=
o a;fx)

(13)



L.F.M. Moura et al.; Local Measurements in Two-Phase Flows ., 463

Experimental Resuits

Description of the Experimental Facility

A schematic diagram of the experimental facility is illustrated in Fig. 2. The test section is made of
a 80 mm ID Plexiglas wbe which is 1600 mm long. The local measurement station is located at
L/D=15.

The air flow was supplied from the building central air system. The air flowrate was controlled and
measured with a mass flow controller BROOKS-5851-E. The tap water flowrate was measured with a
rotameter, Both air and water were injected into the mixing chamber placed at the bottom of the test
section. The bubble generator consisted of a porous plate. At the top of the test section a constant level
system allowed the air to be exhausted and the water to be drained.

The experimental conditions are summarized in Table 1. The gas flowrate and superficial velocity
are always expressed at the calibration conditions (0°C and 101 KPa).

® ——— — {0thedrain
..
&
[ ]
— ") local probe
®
@
®
L/D=15 ®
b ®
@ / porous plate
&L air/water injection

Fig.2 Schematic of the Experimental Facility

Table 1 Experimental Flow Conditions

Liquid flowrate (m*/h) 0 1.81
Superficial liquid 0 0.10
velocity (m/s)
Gas flowrate (m*h) 0.36 0.72 1.09 145  1.81
Superficial gas 0.02 0.04 0.06 0.08 0.10

_ velocity {(m/s)
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The Electrical Resistivity Double Probe

The local measurement station consists of a probe displacement mechanism, the electncal resistivity
double sensor probe and the driven voltage-sensitive circuit. The double sensor probe was inserted in
the test section through a probe support tube (3.0 x 2.0 mm) fixed to the displacement mechanism. A
Vermier, with graduations to an accuracy of 0.05 mm, was used to traverse the probe in the radial
direction. A high resolution mechanism was necessary to evaluate probe positions in flow stream
accurately and to ensure reproducible results.

The design of the electrical resistivity sensor is shown in Fig. 3. For each sensor, one electrode is
the exposed tip of an otherwise isolated wire and the return electrode is the supporting tube. The inner
electrode 15 a 150 pm diameter stainless steel wire, accurately cut under a microscope at the tip. The
comeal tip of the sensor was made as short as possible (30 pym) to minimize the effect of bubble
deformation. The stainless steel wire was inserted into a 0.2 mm i.d. thin plastic sleeve. This plastic
tube containing the sensor was then inserted into a 0.6 mm i.d. x 1.0 mm o.d. stainless steel wbe. Epoxy
insulation was apphed to the entire sensor and allowed to run back whilst drying, to expose only a small
tip area. The exposed length was about 250um. The axial distance between the tip of the two sensors
was 3.8 mm

insulating plastic

stainless steel tube 1.0 x 0.6 mm S B

msulating epoxy

150 umI T30um
—

250 um
Fig. 3 Design of the Electrical Resistivity Double Probe

Each sensor was dniven by a voltage-sensitive circuit consisting of a 1.5 volt battery and a 2.2 M2
potenuometer connected in series with the probe to the ground. The potentiometer was adjusted to give
an optimum output voltage for measurements. If the sensor tip is in the liquid phase, the circuit will be
closed and the voltage output will be lower. When a gas bubble hits the sensor tip, the circuil continuity
will be broken and the.output will read a high voltage. The voltage drop across the probe during closed
circuit  (liquid signal) approximated 0.3 1w 0.4 volts. This low voltage effectively reduced
electrochemical phenomena at the sensor.

For each preset experimental condition the probe signals were digitized by a data acquisition system
utilizing a personal computer and a Keithley-MetraByte DAS-1401 high-speed analogue-digital I/O
expansion board,

A typical resistivity double probe response in two-phase bubbly flow (4 kHz sample rate) is shown
in Fig. 4. It can be observed the time shift between the signal of the two sensors as a bubble passes
through the probe.

Owing to the large volume of data generated, the sampling rate of the data acquisition was set at 4
kHz. and the total samphng time was 40 s. [t was found that this combination provided a sufficiently
number of bubbles for the statistical analysis of the flow. On average, 500 1o 2000 bubbles were
detected in each acquisition of raw data.
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Fig. 4 A Typical Resistivity Double Probe Response in Bubbly Flow

It 15 to be noted that the sampling rate may seen to be very low when compared with some
investigations carried out on vertical bubbly two-phase flows. However, it i1s important to note that for
the present experimental conditions the bubble velocities are very low, and thus it becomes essential to
have a total sampling time as long as possible to get enough bubbles, This simultaneously leads to a low
sarmpling rate due to the overall limitations of the data acquisition system.

In principle, the resistivity probe is able to detect only bubbles greater than 250 pm because the
exposed length of the sensor tip. Then, for a typical bubble relative velocity of 20 cm/s, even with such
low sampling rate, a bubble passing the sensor tip will produce at least five samples at high level
voltage.

Influence of Threshold Level

As mentioned above, a proper threshold level has to be applied to the raw signal in order to obtain a
true square wave type signal. When the threshold level S, defined as a percentage of the voltage gap
hetween the static levels, evolves from 0% to 100%, so does the local void fraction. Hence, for a given
experiment, it is always possible to find an optimum threshold in order to retrieve the void fraction
determined from another technique.

Figure 5 shows the influence of the threshold level on the void fraction determination. Consider
now the sensitivity of the void fraction to the choice of the threshold. A typical value of this sensitivity
for the experimental results shown in Fig. 5 is given by:

Gt -0.07 (14)
AS

where both void fraction and threshold level are expressed in percentages.

For example, if the threshold level is increased from 0.2 to 0.3, the void fraction will typically
decrease by 0.007. This value of sensitivity may be compared to the better sensitivity results for
resistivity probe techniques reported in the work of Cartellier and Achard (1991).

All the experimental results presented in this paper were obtained by using a threshold level S=0.1.
The experimental uncertainty on the void fraction measurement associate with the threshold level was
about (.007. The uncertainty associate to the data acquisition sample rate was around 0.013 (bubble
diameter = 5 mm, bubble velocity = (.25 m/s and sample rate = 4 kHz). Then the uncertainty on the
void fraction measurement was estimated to be (L02, that 1s 2 %.

.
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Fig.5 Influence of the Threshold Level on the Void Fraction
Residence Time Distribution

The bubble residence time histograms at the pipe center (r/R=0.0) and near to the pipe wall
(r/R=0..75), for two different gas superficial velocities (Jg=0.02 m/s and Jg=0.10 m/s} are shown in Fig.
6.

For the lower gas superficial velocity (Jg=0.02 m/s), the bubble residence time distribution is quite
uniform both at the pipe center and near the pipe wall, as it was expected for a bubbly flow.

On the other hand, for a higher gas superficial velocity (Jg=0.10 m/s), there are much more small
bubbles at the pipe center than near the pipe wall. This flow configuration is a characteristic of churn
turbulent flow regime, where the large bubbles are broken down due to the turbulent liquid flow. The
bubble residence time distribution at the pipe center shows a large number of bubbles with a residence
time of less than 5 ms. For a typical bubble relative velocity of 20 cm/s, it corresponds to a bubble
diameter of less than 1 mm.

It should be noted the relatively lower number of bubbles with a residence time less than 0.5 ms. As
it was mentioned above, the resistivity probe is able to detect only bubbles greater than 250 pm due to
the exposed length of the sensor tip. Then, only a few number of very small bubbles (<0.1 mm) were
detected by the probe.
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Fig. 6 The Bubble Residence Time Histogram

Bubble Frequency

The bubble frequency radial profiles, for two different liquid superficial velocities, are shown in
Fig. 7. As it was expected, the number of bubbles passing by the same radial position increases as the
gas superficial velocity increases. Generally, the bubble frequency decreases from the ceater to the pipe
wall. Nevertheless, for low gas superficial velocities, the bubble frequency is quite uniform over the
pipe radius. For a liquid superficial velocity of 0.10 m/s, a flat bubble frequency profile may be
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observed even for a gas superficial velocity as high as 0.06 m/s. This fact could be explained by the
transition between bubbly flow and chumn flow regime. If for no water flow (J1 = 0) this transition is

observed at a gas superficial velocity of about 0.03 m/s, for J1 = 0.10 m/s the flow transition is observed
only for Ig = 0.07 m/s.
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Fig. 7 The Radial Profiles of Bubble Frequency

Void Fraction Distribution

The void fraction radial profiles. for two different liquid superficial velocities, are shown in Fig. 8.
For all experimental conditions, the void fraction profiles are similar to the bubble frequency profiles.
Moreover, the bubble frequency distributions are proportional to the void fraction.

As it was expected for bubbly flow regime, i.e., for low gas superficial velocities, there is a peak in
the void fraction distribution near the pipe wall, It disappears for higher gas superficial velocities (churn
flow regime) and the void fraction profiles become close to a parabolic shape.
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Fig. 8 The Radial Profiles of Void Fraction

The Double Sensors Response

Since the double probe sensors are separated by a finite distance and a bubble is free to move in any
direction, a bubble that hits the upstream sensor is not always intercepted by the downstream sensor.
Figure 9 shows a comparison between the bubble frequency measured by the front probe and by the
rear probe. It is clear that some bubbles (about 10 %) were deflected by the front probe and were not
intercepted by the rear probe. The same trends were observed in the void fraction measurements from
the two probes.

BUBBLE FREQUENCY (1/s}

— —1
T |

e

R 4

-20%.

REAR PROBE

FRONT PROBE

Fig.9 The Bubble Frequency Detected by the Front and the Rear Probe

Bubble Interface Velocity

As it was mentioned above, the bubblesinterface velocity may be determined from the time delay
berween the signals of two probes placed in the flow direction, A correlation function, Eq. (5), was used
10 determine the most probable time delay between two stochastic signals. The maximum of the
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correlation function yields the most probable time delay, from which the bubble interface velocity
component in the axial direction is determined by Eq. (6).

Figure 10 shows a typical correlation function distribution for different radial positions. It
corresponds to a bubbly flow regime for which a very well defined maximum was observed for all
radial positions. For churn flow regime, the correlation functions were broadened because the presence
of some large bubbles with greater interface velocity than the small bubbles. Nevertheless, it was
always possible to find the function maximum that corresponds to the most probable time delay.
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Fig- 10 The Dimensionless Cross Correlation Functions

The radial bubble velocity profiles are presented in Fig. 11. For both liquid superficial velocities
(J1=0 and J1=0.10 m/s), the bubble velocity decreases from the center to the pipe wall, except for the
lower gas superficial velocities that correspond to the bubbly flow regime, where a flat profile was
observed. The measured bubble velocities are close to the values predicted by the drift flux model
(Zuber and Findlay, 1965). For example, the bubble velocity predicted by the drift flux model, for J1=0
and Jg=0.02 m/s, is about 0.25 m/s; for JI=0.10 and Jg=0.02 m/s, the bubble velocity is about 0.37 m/s.
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Fig. 11 The Radlal Profiles of Bubble Interface Velocity
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Interfacial Area Concentration

The local interfacial area concentration may be determined from the bubble interface velocity and
bubble frequency measurements, by using Eqg. (11). This equation was obtained with the assumption
that the interfaces are composed of spherical bubbles, the probe passes every part of bubble with an
equal probability and the interfacial velocity has the same direction of the probe tips. The radial profiles
of interfacial area concentration are presented in Fig. 12. Generally, the interfacial area concentration
increases as the gas superficial velocity increases. On the other hand, it was not influenced by the liquid
superficial velocity. It should be noted that the interfacial area decreases near the pipe wall, certainly
because the bubble frequency reduction in this region.
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Fig. 12 The Radlal Profiles of Interfacial Area Concentration

Sauter Mean Diameter

The Sauter mean diameter, defined by Eq. (12), may be determined from the void fraction and
interfacial area concentration, by using Eq. {13). The radial profiles of the Sauter mean diameter are
presented in Fig. 13. As it was expected, the bubble diameter increases as the gas superficial velocity
increases, For bubbly flow regime the mean bubble diameter is approximately 3 mm, which is in
agreement with flow visualization,
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Fig. 13 The Radial Profiles of Sauter Mean Diameter

Average Gas Superficial Velocity

The average gas superficial velocity may be obtained from the local measurements of the void
fraction and the bubble interface velocity. First, the pipe area is divided into concentric rings according
to the radial position of the local measurement. The area averaged gas superficial velocity is obtained
by multiplying the local void fraction and bubble interface velocity by the area ratio and summing them
together:

2 2
I o /i
Jg= ;I%m = ;{(}—] = (E) L Vor 0y (15)
A

where r,, r; and R are respectively the outer and the inner radius of the concentric ring and the pipe
radius.

Figure 14 shows the comparison of the area average gas superficial velocities obtained by the probe
method and by the inlet measurements. Most of data were with a 10% error range compared to the inlet
flow measurement. The disagreement for high gas superficial velocity is probably due to the effect of

* the overprediction of the bubble interface velocity for the churn flow regime, as it was mentioned
above.
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Conclusions

The electrical resistivity double probe technique for measuring local parameters in a two-phase flow
has been described. Data on the local void fraction, bubble frequency, bubble interface velocity,
interfacial area concentration and Sauter mean diameter were obtained for different gas and liquid
superficial velocities in a air-water vertical flow. For the present experimental conditions, bubbly flow
and churn flow regime were observed.

For bubbly flow the void fraction and the bubble frequency radial profiles showed a distinct peak
near the wall and a relatively flat pattern in the core (r/R<0.8). Increasing the gas superficial velocity,
for a constant liquid superficial velocity, increased the void fraction and the bubble frequency, both in
the core region and in their peaking region near the wall. For churn flow regime the void fraction and
bubble frequency profiles become close to a parabolic shape.

The bubble interface velocities, obtained from the cross correlation function of the signal of the
double sensor probe, are close to the values predicted by the drift flux model. It ranges from 0.25 m/s
for bubbly flow, up to 0.75 m/s for churn flow. The interfacial area concentration and Sauter mean
diameter radial profiles were obtained from the void fraction, bubble frequency and bubble interface
velocity.

Finally, the area average gas superficial velocities, obtained from the local measurements of void
fraction and bubble velocity, were compared to the inlet gas flow rate and a very good agreement was
found.
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Abstract

This paper is concerned with velocity fluctuations in a monodisperse dilure suspension of sedimenting particles and
in particular with the divergence problem of the variance with the system size. After various scaling argumenis ir is
described a model for suspension flow in which macroscopic mass and momentum balances are constructed 1o be
solved simultaneously. The general model is adapted 1o study the problem of fluctuations in sedimentation under
conditions of low Reynolds numbers and finite Stokes numbers. The importans contribution to the particle siress
associated with velocity fluctuarions induced by body forces is described using an effective viscosity. The coefficients
of the scaling arguments for both limiting case examined (inertialess and when the inertia of the particle is
imporfant}) are also calculated.

Keywords: Velocity Fluctuations, Sedimentation, Random Suspension.

Introduction

The sedimentation of a monodisperse, dilute suspension of non-Brownian, rigid spheres under
creeping flow conditions is one of the basic simple flows in suspensions. If the suspension is infinitely
dilute the hydrodynamic interactions between particles may be neglected. In this case each particle
settles with the Stokes velocity, U, = 2/9Apa~/u g where Ap denotes the difference between the
density of the solid particles and fluid, a is the particle radius, u is the fluid viscosity, and g is the
acceleration due to gravity, At a finite particle concentration, however, the mean sedimentation velocity
(U) of the spheres is noticeably proportional to the Stokes settling velocity. The proportionality factor
Jf. known as the hindered function, is generally assumed to be dependent upon the volume concentration
of the particles ¢ (= 4/3a” n) and a monotonically decreasing function with f0)=1. In this paper n is
the number density of the particles (i.e. the number of particles N per unit of volume). The mean
sedimentation velocity in the suspension is then assumed to be (U)=U, (@), where { ) indicates an
ensemble average over all possible particle configurations weighted by the probability of their
occurrence. Even in a dilute suspension, the departure of f(¢) from unity is determined by the
suspension microstructure.

A random free suspension structure is the most important one for sedimentation problems, although
yet is in some way the most difficult to handle theoretically. In this problem the conditional probability
function P(x+ r1x) which denotes the probability of finding a sphere with its centre at x+r given that
there is one centred at x, is not known a priori and can change from system to system depending on the
condition of the real experiments. The theoretical progress that has been made, takes into account only
the well-stirred particles distribution in a dilute monodisperse suspension, In general, the suspension is
supposed 10 be statistically homogeneous, requiring uniform probability for all physically accessible
position of one sphere relative to another. Specifically speaking, the centre of a test sphere cannot be
located within an excluded volume shell a<|r|<2a of any other sphere. Under this condition

. P(x +rx) is constant (= n) for |r|22a and vanishes for 0<|r|<2a . The problem is still complicated
because the first effect of particles interactions on the mean or variance of the sedimentation velocity
cannot be found simply by adding up the contributions from all the pair interactions in which the test
sphere takes part. The procedure results in sums or integrals which are often divergent. This difficulty
Manuscript received, February 1996. Technical Editor: Angela Ourivio Nieckele
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comes from the fact that in the Stokes flow, hydrodynamic interactions are long-range. Evidently, a
sedimenting suspension containing an infinite number of particles makes
the integral (U)=]U(x,x+r)P(x+rlx)dr, divergent, as U(x,x+r)=0(1/|r|) and P(x+rjx)>n as

|r|—ee.

The convergence problem can be avoided in a number of ways; at present the most popular is the
renormalization technique first introduced by Batchelor (1972). The essence of his procedure is to look
for a quantity that has the same asymptotic dependence on the position of one particle in the suspension
configuration, and whose mean value is known precisely involving all spheres in the configuration.
Batchelor was able to show that the mean settling speed relative to zero-volume flux axes (that is,
relative the containing box) in a statistically homogeneous dilute suspension of rigid particles is
proportional to ¢, finding f( ¢ )=(1-6.55¢ )+Of¢l2 i

The Of¢) correction consisis of a small positive effect due to the finMe size of the particles
(+0.5¢). ie. a degenerate quadrupole, La*V=u( x,x+r4xa .a contribution due to the near field
hydrodynamic which contains the fine details of the interaction between pairs of particles (-1.55¢]),
and a large negative contribution from the back flow effect (—5.5¢) (which corresponds to the lowest
level of point force approximation). These considerations have been clarified and amplified by Hinch
(1977), who established a systematic approach of ensemble average in which an infinite hierarchy of
linked bulk equations are constructed by repeatedly averaging with one more fixed particle at each
level, and the hierarchy can be truncated by noting the linking terms become small for small particle
concentration. Adding contribution from higher reflections Hinch was able to recover Batchelor's result,
getting f(¢ )=!—3}§0+ Omg }. Complementary techniques of renormalization are given in a number
of other important articles on determination of transport properties of suspensions (e.g. Jeffrey, 1974, O
Brien, 1979), and all have confirmed Batchelor's calculation.

The origin, significance and interpretation for overcoming the convergence difficulties with
calculating the sedimentation velocity in a random monodisperse dilute suspension are now well
understood. However a dramatic illustration of the convergence problem in such suspension is formed
by the divergence of the variance {{/’?) (the simplest measure of the particle velocity fluctuations) of
the sedimentation velocity. This paradoxical situation was first noticed by Caflish and Luke (1985),
who showed that Batchelor's (1972) renormalization does not resolve the divergence difficulties
associated with calculating the variance of the sedimentation velocity. Indeed they found that the
variance of the particle velocity in a monodisperse suspension of spheres whose positions were
randomly distributed with uniform probability would depend on the linear dimension L of the container,
i.e. the variance would be O(U¢L/a). Here U'=U—(U) is the deviation of the particles velocity
from its average value. A first scaling analysis based on arguments of buoyancy-driven convection in
sedimentation was proposed by Hinch (1988); volume elements of the suspension with the lowest
density rise relative to volume elements with highest density. The scaling confirmed the result predicted
by Caflish and Luke.

The fluctuations in the motion of a particle in a sedimenting suspension are an inherent property of
such a system, but by no means the result of hydrodynamic instability of the mean flow. If the latter
occurs, additional large-scale perturbations, similar to secondary flows or turbulence, in the
hydrodynamics of one-phase media, may be important. In the present work we are interested in
suspensions under conditions of low Reynolds number, in which the variations in the individual particle
velocities are due to varying configurations of neighbouring particles, i.e. statistical density fluctuations
caused by viscous hydrodynamic interactions. The disordered motion of the particles gives the particles
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a statisucal tendency to migrate, that at long time behaviour can be characterized by means of a self-
induced hydrodynamic dispersion diffusivity. In order to understand the problem of fluctuation in
sedimentation in a reasonably simple manner, and to bring out the essential features, we shall present
next scaling arguments for the velocity fluctuations produced by horizontal density fluctuations in a
random suspension. Basically, variations in the number density of particles over length scales of order
of the settling box size L drive convection currents, We will find that these convection currents can
dominate the motion of particles during sedimentation.

Scaling Analysis

Let us consider the situation of a dilute suspension, where it is natural to suppose that, for the
purpose of considering the influence of neighbouring particles on a test particle, it suffices to replace all
other particles in the suspension by point singularities, such as point forces. Thus, the phase space
operator corresponding to the density number of N point particles randomly distributed in the
suspension can be defined as

n(x,r)=z_6(x~xa(rn (1)

a=]

where x,(z) is the position of the & ™ particle at ime £, N is the number of particles, and d(x} (the
Dirac's “delta function“z} is labejed a distribution or a generalised function, defined by the sequences
equivalentto § ,=¢ ™ (p/m)? (Lighthill, 1958) such that

[ “ole=so)xiax= tim [, e-x0)Glebr=G(xo) @

Note that the unconditional average at a point (n[x.r))=n defines the mean number density of
particles, with the uverage over all positions of x, . On the other hand, the mean density given there is
a particle at xg (conditional average), is {nfx.1 ’\),ﬂ =n[l-h{x-xpg )] with k=0 as(x-xg) — co.

Using Equation (1), the space-time correlation G{x,t) can be written as follows (van Hove, 1954)

a(;:):ﬁ 3 8l +x4(0)-x51)] (3)
w

where G{x,r} splits naturally into two parts: one that describes the correlation of one particle at
different imes and one that describes the correlation between distinct particles at the same times. We
interpret this function as the conditional probability that some test particle is located in dx at x time t
given that it was at the origin at t = 0. It is immediate to see that {nf{x,0)n(x,t Jy= NG(x,t). We now
define the scattering function F(k,t) (Rallison and Hinch, 1986) as the Fourier transform of the space-
time correlation function. Then F(K,1) and G{x.t) are Fourier related by

G[x,:]=§;_?-jf‘(k.:}e‘z'ﬂ"dk and F(Iu)=J G(x,1)e? ™ d )

The corresponding Fourier transform sum of n(x.t) and its complex conjugate are given respectively
by
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N N
k)= e™**al’) and ﬁ’(k.o):Ze‘z"‘“ﬁwJ 2
a=1 B=1

Here the notation n’|k0)=n {-k0). If a dynamical quantity like 1) s complex, the time
correlation function is defined as (A"(0)A(r)) (van Hove, 1954). This is equivalent to multiply
A (k0) by #(k.r) and average over an equilibrium ensemble, (fi(k.t)=n (k0)). Hence the scattering
function F(k.f]=#(ﬁ(k,r]ﬁ'(k.0)} may be evaluated in according to the following expression

)= bt 0
ap

Physically, F(k.r) may be interpreted as the autocorrelation of fluctuations in the number density
n|k,r) at wave number k, and it is often called in the literature (e.g. Rallison and Hinch, 1986) the
dynamic structure {actor of the suspension,

We consider the initial condition for {(n(x,1)n{x0))=NG{x,t) and (r?'(ic,rlri'{k,()_))= NF(k,t) as
being the “thermodynamic limit”, which corresponds N — e,V — e with (N /V )= constant _ Vis the
suspension volume. Then, following Rallison and Hinch (1986), we deduce that

(n(x.1)n(x,t))=nd(x)+n*[g(x—x,)- ll )

and

(i {k.;)a‘(k.s})=~+~fa(k)+£;ﬂg(,2 ) e "

where g(x, —x, )=g(x;|x;)/n is the equilibrium pair-distribution function and n=N/V s the
uniform particle density number. Note that the function g(x,—x; )=/ rapidly as |x;—x;|/a—ee
{dilute limit).

In particular, we are interested in considering the simple case in which the distribution of point
particles exists with uniform probability. Hence one assumes that the particles are randomly and
independently positioned in the suspension domain, so that the equilibrium configuration is simply
described by making g(x; —x; )=/ into (7) and (8). Then one obtains

n{(x0)(x.0))=nd(x) and (E*(k.o]ﬁ'(kﬂ)):N

With this assumption G|x.0)=n, and F(k,0). that is now called the static structure factor of the
suspension S(k), takes the unit value,

Based on the above microstructure restriction, we wish to look at order of magnitude of the
charactenistic density number fluctuation n, occurring on a length scale / of the suspension in terms of
an volume integral of the the density number variance (n‘(x.ﬂ)} (i.e. an volume average). Hence a

typical fluctuation in number density may be estimated as a volume average,



478 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, December 1997
2. 1 2
it~ | | (n(x0))ax (10)
17 dx<t
Substituting the first equation from (9) into (10) and using Dirac's delia definition we obtain

N
n =0 —— (1)
f | E] ]

If m is the particle mass, the statistical density fluctuation p; in the region of size [ is expected to
be p;=0(mn;). This result suggests fluctuations in the number of particles as being of JN_J . Hence we
could imagine that if a box of volume O(Ix[x!) containing N particles is divided into two equal parts
by a vertical plane (see Fig. 1), one half of the box will contain (4~ J¥) particles, whereas the other
half will contain ( %4» JN_J . This unbalance drives convection currents during the sedimentation

process.

Fig. 1 Physical Mechanism of Fluctuations in Sedimentation

Velocity Fluctuations

We shall now consider two limiting cases for the velocity fluctuations: 1) Inertialess or small box
condition and [I) Inertial or large box condition. The first limit is defined for length scale ! sufficiently
small (large wave numbers), which corresponds to be much less than the screening length, X . but
much greater than the particle radius, i.e. @ << ! << ¥ . It will be show that this is the case when the
fluctuations are going to depend on the size of the box. On the other. the inertial limit will occur for a
length scale /, that is much greater than the screening length (small wave numbers), / >> ¥ . Under the
latter condition scaling will show that the velocity fluctuation should be independent of the size of the
box. The screening mechanism here is associated with particle inertia just as occurs in a dusty gas
(Saffman, 1962 and Koch, 1990) instead of fluid inertia, so that the problem is still treated at low
particle Reynolds numbers. Next is argued the steady state of the velocity fluctuations for both limiting
cases above.

Inertialess case: a <<l << ¥

Tuming to expression (11), the statistical fluctuations in the density number of particles will lead to
a fluctuation in the weight of Of mg J;—‘ }. At the ume scale it takes vorticity to diffuse over the length
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Li=0y p,_ﬂri‘) / l.g ). the fluctuating buoyancy force is just balanced by the viscous drag associated
with the driven flow ] due to the statistical density fluctuations. Hence O(mg“'rn,_-? )= O ity ey )
Then, one obtains

1
uy =0 T8 n2i
“e_ﬂ'

LEIE

) (12)

Here p; is the effective density, p g,y in a liquid-suspension and mn in a dusty gas, Hey 1s the
effective viscosity, e.g. M g1+ f:'@’ in an infinitely dilute liquid-suspension (Einstein, 1956) and u
of the gas for a dusty gas suspension (Saffman, 1962},

Inertial case: I >> Y

The time the particles takes to accelerate across {18 r=( rTJ . where " is the fluctuation in the
acceleration o’ ~Of uj'“’/ I ) caused by the fluctuating bua}ya{;lcc force (convection currents). If the
scaling is restrict for the case of large fluctuations, that is ] >>{u,) ., the fluctuating buoyancy force is
3 ) Substituting the scale of

only balanced by the inertial force like follows Of pfﬁa’!j }=0( mg.‘f

nl
a” we find that

uy =0

Peg

mg L1
nfl 4 (13)

It should be noted that the scaling results show that in the inertialess limit the velocity disturbance
increases with tht; Jlinear scale [ like | ©, whereas in the inertial length scale such a disturbance
decreases with I_A . This aspect is summarized in Fig. 2.

U

'y
%

,Q«x 9\ >>y

Inertialess y_ i L Inertial region

{screening length) /0\

Fig.2 Schematic Diagram of the Velocity Fluctuations for the Two Limiting Cases Investigated.
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Screening Length

There are several ways of presenting the order of magnitude for the screening length ¥ . Figure 2
indicates that the maximum velocity fluctuation should occur where the viscous and inertial stress are
comparable in the vicinity of the length / corresponding to the screening length ¥ . Note that, in the
present context, the inertial stress (i.e. related to the velocity fluctuations) is associated with particle
interactions rather than gas-phase turbulence. We shall therefore find the order of magnitude of ¥ for
(4 ) gy - AN se€ whether the Reynolds number based on the screening length and this velocity, Re;, is
actually ©(1). It should be important to have in mind that the restriction which is made to low particle
Reynolds number does not necessarely imply that the bulk flow on the length scale ! cannot have a
Reynolds number O(1). By noting the point of maximum velocity fluctuation in Fig. 2 we can write
that, O{uf(x. ))=00(uj(x_)) - Then using (12) and (13) we find that

£
4 3
(peﬁmg) n
st Wl e s s
Substituting Eq. (14) into Eq. (12) we find that v}, = 0| — 5 ', which is independent of the
linear size /. In other words it should be independent of the §izé of box L. Finally, note that
gl ey
Re; = Ef—:j—l- = () 1). such as we wanted to show,
off

Hydrodynamic Self-Diffusivity

The order of magnitude of the self-diffusivity may be estimated as the product of the variance of the
particles mean velocity and the correlation time (i.e. the time over which the particles velocity
correlation decays), We suppose that the particles velocity will remain correlated by a time O(l/ uj),
that it takes a particle to fall through the interaction volume of linear dimension [, Hence
=0+ ): (I} ). Now, calculating the order of magnitude of the diffusivity over the two limiting
case discussed before, we find

i
D;:()[ 8 2 1 ] for a<<f<<y and D;= 0[ e }fur I[>> % (15)

The scale for the self diffusivily cormresponding to the screening length from Eq. (14) is simply
found to be 1Dy = Of =)=, ). In the present context both momentum and particle mass are
transported due to parncle velocity fluctuations on a length scale I. This justifies the fact that the
nonlocal diffusivity D, and the nonlocal kinematic viscosity Ve Will have the same order of
magnitude.

A Dusty Gas Approach

An interesting way of presenting these general scalings is by considering the particular case of
dusty gas suspension, where p gy =mn=¢p, and 5=y (Saffman, 1962 and Koch. 1990). For
common dusty materials the density ratio between particle-fluid, p,/p, may be of the order of
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several thousands, This corresponds to the situation where particle inertia is much more significant than
fluid inertia. Moreover, qualitative difference in the motion of a dusty gas and suspension in a liquid
may be expected. In the case of spherical particles, for example, Einstein's increased viscosity SHe is
negligible for a dusty gas, although it may be relevant for a liquid-suspension.

The important time scale for characterizing particles inertia is the relaxation time of the particle 7,
It is a measure of the time for the particle to adjust to changes in the local fluid velocity,
T i { -*[ E oA
with particles inertia. the Stokes number

_oml,  2alp,

(16)
6rua® 9 M

The ratio between panicie relaxation time and time vorticity takes to diffuse across a, -, a r u
gives r S e = >/, for a dusty gas. Here Re=p Ua/g is the particle Reynolds
number. C]carly th:s condition suggests that in a dusty gas suspension the relevant incrtial contribution
due to the motion of particles and fluid comes trom the particle inertia rather than fluid inertia, Thus in
the limiting case { >> ¥ the velocity fluctuations must be controlled by the inertia associated with the
fluctuating motion of the particles. Physically the limit case a << [ << ;L’ corresponds to the situation
of very small relaxation time (or Stokes number) of which ¢, = (¥ T, )= Jei A 22 §1 e
It follows that a test particle responds instantaneously to the wsuuus dmurbances produced by the
hydrodynamic interactions, This is the case in which particles following the fluid are equivalent to
increasing the fluid density by an amount @Ap . On the other hand, for a moderate relaxaton time
I rll' has [, <% F—’ + /<= 81<= o I the test particle has not sufficient time to react in the same way
to the disturbances caused hy the neighbouring particles. It should cross a distance [ with a smaller
contribution from the disturbance for its motion, In the extreme case St>>¢ /¢ , the particle relaxation
time i much larger than the time it takes a particle to translate through a fluid dynamic interaction, The
fluid dynamic interaction for sufficiently high Stokes numbers of a gas-suspension is like the one that
occurs in a fixed bed, so that a particle pressure plays an important role in the dynamics of particle

volume fraction waves. The latter case will not be treated here (for details, see Koch, 1990).

The use of a dusty gas approach permits formulate the governing equations without involving any
contribution from fluid inertia. So it is possible to treat the problem at low Reynolds numbers
(particularly the fluid equation) with the Lagrangian equation of the particles motion. An application of
this has been proposed by Cunha (1995) in which the dusty hypothesis justifies the assumption of
ignoring fluid inertia.

Now the approximated forms taken by the previous general scaling are considered for the case
where the dusty gas assumption is incorporated into the equations. The results can be expressed in
terms of the particle concentration ¢, making n=0(¢/a’ ), the terminal velocity of the particle (i.e.
the fall speed of a single sphere at low Reynolds number), U,=0(mg / pia ), and for the limit case
I>>y . the effective density is made py =mn . which gives m/p.g =0(a4/¢). Applying these
conditions into (12) and (13) we obtain,

=O(U:JEJ-;-_] for a<<t<<y (17)
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and

u;’:O[Jg_aﬁ@] for [>>x (18)

Again, it is seen that the velocity disturbance controlled by viscous effect increases with the linear

size {, whereas that controlled by inertia decreases with L. A more convenient form to write (18) is
!

s

determined if one notes that /ga = O[ U, J Substituting this expression into (18) gives

N
u=0|U,——4—=| for {>> (1%
| [ 5 <t ‘{/EJ?} X

The screening length can be estimated just as before. We therefore use (17) and (19) to rewrite (14)
as follows

_2
x=0{a{fa‘?gz é—‘{l—-—:— zO{aSr 3¢“’] (20
3
u?

The cormresponding velocity fluctuation is found 10 be u@:O({f@I}:O!U,s{% ), which
produces a finite value of the variance (u':} =00t 5 * }. Note that if the particles are inertia free
(S!‘EU) the screening length 1s not defined (i.e. y—ec) for any particle concentration ¢=0 . This
aspect holds that velocity fluctuations will always depend on the linear dimension [,¥/. An obvious
choice is to make [ = L (size of the box) and apply (17), what immediately recovers the result
e =0(Uf¢1./a} , predicted by Caflish and Luke (1985).

The new scaling expressions for the self-diffusivity D; becomes

o
D,=0| al, (i) Jo | for a<<ti<<y @21
a

and

D= aU,LL‘-,{i]j for 1>y (22)
Jsr o \a

When the above expressions are evaluated at [ =y, we find D, =0f t_iJ_f.S'r"r}, which is
independent of the box size.

As a final remark we shall say that the scaling analysis described in the present section has
identified a fundamental mechanism of dispersion and mixing operating in a sedimenting suspension,
and provided an important foundation upon which to base the current research.
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A Simple Model for the Inertialess Case

We propose now a simple theory for evaluating the scaling coefficient for the limiting case
a<<| <<y (i.e. inertialess).

Let us consider a settling container A high, L wide and ! deep, with [ < L/2. Let the particle radius
be @ and the volume concentration ¢ . The suspension is random and the particles are positioned
independently. We adapt the scalings to non-square container with no slip conditions, a situation close
to real experiments.

Now the number of particles in the box is given by V- —" ¢!, where B=(lHL) is the volume of

the settling box.

We have found above that typical fluctuations in the number of particles are just y statistical
fluctuations. Hence the density fluctuations in one half of the box is found to be

4p (23)

We suppose that the flow driven by this fluctuation in density is limited by the viscous flow in
narrowest direction of I, say x. Hence, g, % =p'v Here we use the dusty gas hypothesis, with
Mg =4 (gas viscosity). The governing equation takes the form

d’u" |8 ma 34;‘1
7 = ——"4 24)
i Xi e T ;

Integrating (24) with no slip boundary conditions: «’(0)=(0) and 1'(1)=(0) we obtain

w(x)=o—

= ju %m ¢Apgx(;’ x) (25

The variance is immediately calculated by noting that

e ot

therefore

k]
sk P e U
STyl - 27)
<u } 20 %% L (

For typical experimental data (e.g. Ham and Homsy, 1988 and Nicolai et al., 1995), :‘/'::_;—{f and
L:;?il . Putting into (27) these data we find

A% Om ol a<<l <<
<u >_625¢U" ” for 2 (28)
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Note that the above estimation, even considering conditions closer to the practical experiments,
depends on the size of the box, as found by the scaling arguments. We will compare this result with the
results from numerical simulations by Cunha and Hinch (1996).

A Macroscopic Model for Suspension-Flow

Macroscopic models for suspension flows are still in early development. Such modeling is
important, as it serves to unify the subject as well as extend our understanding of the phenomena for
parameter values which can not be covered experimentally. We will assume that the particles are
characterized by a size (radius) a. Most often they ure treated as if they were spheres. The solid phase
occupies a fraction of the total volume ¢, and the fluid phase a fraction / - ¢.

Both, fluid and particles, have velocities which are complicated function of space and time. It is
impossible to attempt to describe these variables in exact detail, so it is adopted the continuum
hypothesis, which assumes that the variables may be described by smooth fields which are defined as
averages of velocities, etc. The fluid is Newtonian in its stress behaviour. Locally, the suspension is
statistically homogeneous, in the sense that it is possible to find a length ! which is larger compared
with the average particle spacing and over which the statistical properties of the suspension, defined as
ensemble averages, do not vary appreciably. The velocity fields are defined at a point, which has
infinitesimal volume. Clearly this cannot be correct if one is interested in describing phenomena on the
length scale of the particle or inter-particle distance, but it is a useful hypothesis in dealing with the
averaged motion and transport between phases,

When the governing equation of particle is examined one notice, that there is no explicit reference
to the fluid, although there is to the bulk matenal. The particles evolve according to Newton's laws of
motion, just as molecules. Here the fluid determines the nature of interactions between particles, and
once these interactions are known, no explicit reference to the fluid is necessary. From a statistical
mechanics perspective there are no degrees of freedom associated with the fluid. This is not true, of
course, at finite Reynolds numbers where the degrees of freedom of the fluid enter explicitly. It appears,
therefore, that a macroscopic particle description as a homogenized continuum should be possible, just
as in a molecular system.

Basic Equations

At the microstructural level is assumed that the fluid is Newtonian and the the suspended particles
may be described by Continuum Mechanics. In the wsual notation let the density be p, the Eulerian
velocity v, the Cauchy stress ¢ and the body force per unit volume or non-hydrodynamic f. At the
interface between the two phases the velocities should be continuous and the surface stress o -m
discontinuous only to accomodate any surface tension. The laws in the two phases may be conveniently
combined into one as (Hinch, 1975)

o(x)=—p(x)6,; +2pe;(x)+ 30} {x.C) (29)

where p is the pressure field, e=< Vu+V'n) is the Eulerian strain rate and 3¢ ' is a generalized

|
2

function, with the phase indicator 3=0 if x is a point in the fluid and 3=/ if x is in the particle. C
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denotes the full particle configurations. One will deal with the situation of point particles where there is
no internal angular momentum such that the conservation of angular momentum requires the stress
fensor to be symmetric. i.e. o;=0 ;.

Assuming that classical continuum mechanics holds at the microscopic level, the microscopic mass
and momentum equations

—iﬁ+vv(pu')=0 and p%z}??g (30)

applied to any material point (in the particle or fluid) can be averaged to yield the macroscopic
equations. Using the phase indicator function 3 defined above it is possible to average (30) over the
particles (Drew, 1983: Drew and Lahery, 1993). This is closely the continuum mechanics version of the
Irving-Kirkwood (1950) procedure for point particles. The macroscopic conservation equations for
purticle mass and momentum arc simply

%+V-(¢(u>_‘_)=0 and psq}—e%?-*—z{ﬂs+<F>S+V-(£)J 31

assuming that the density of particle, p,. is constant for each particle. The material derivative

D. e W' -V s that following the average particle motion, Here (F}_,_ is the average

hydrodynamic force per unit volume exerted on the particles, <E>s 15 the average particle stress tensor.
This mucroscopic particle stress can be antisymmetric owing to both the external couple and to non-

central interparticle forces.

A Constitutive Equation for the Average Stress of the Particles

The present section is concerned with the investigation in which a transition is made from the
individual particles to the bulk material. The relevant particle behaviour must be identified. The
particles can rotate, deform or interact with one another. To begin it is assumed that the macroscopic
observed stress tensor, i.e. the effective stress in the suspension, is the ensemble average of the stress
distribution in all realizations of the suspension. As mentioned before, for homogeneous suspensions,
this ensemble average is equivalent to a volume average over a volume which is lurger enough to
contain a statistically significant number of particles, but smaller than the scale of variations of interest
in the macroscopic system. The formal expression for the effective stress of a suspension can be then
written as proposed by Batchelor (1967) and Landau and Lifshitz (1959). in the form
(eg>:%J £5d .

g

Now, the volume integral may be decomposed into the portion over the fluid domain in which we
may use the c?nsli[u[ive equation for the fluid stress and the portions over each rigid particle, so that
=1, + z ,”-‘f' Here #, is the volume of one particle and N is the number of particles in .
Hence )
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a‘ .
lj‘ ﬂ.[ [palj"'p[: t;x ] pul j]dﬁ+
%,ZL (o — pufu; Jav
a=] &

The volume average velocity gradient for the entire material or suspension as a whole can be
expressed as

(32)

oy, 1 [ oy ! J’

i K VIRE N [ 2 L ———d - —dﬂ 33
<d:!> 0 Jp ok 0o, o z‘o e
Applying the divergence theorem for the last term on the right hand side we deduce that

It o a1
— —Ldo={ )= § w;n ;dS 34
- <axf> ﬂgsa i (34)

By the same procedure one obtains

N
L o o AT
) vy 0K il <&r£> d ;§“'nfds &

The stresses in the particle are indeterminate, but we may use the following relation,

d Jdo;
O'--dt?=J' —| o 13—.[ ik v dp
.[aa o Pa E»‘xk[ *kx")d By OXy k.

:I G,-k.rjnkds— f)dm
5

o g OX

(36)

to rcwrilc the stresses in terms of the surface tractions p]us the first moment of V-o . In Equation (36),
‘M . can be expressed from Cauchy's equation as —;‘5- pa; — f;, where a, -%:‘- is the acceleration
of the particle. Combining the results (34), (35) and (36) together, we find that

(6)=—(p), 1+20le)-p (u'w), +(8), @

The first term in (37) is a purely isotropic contribution of no particular interest, and (p), is the
average pressure in the fluid: the second term is the deviatoric stress that would exist even in the
absence of the particles. The third term represents the inertial contribution associated with the turbulent
fluctuations of the fluid motion (i.e. Reynolds stress) and the fourth term represents the contribution of
the bulk stress due to the presence of the particles. From these calculations we conclude that the average
particle stress is expressed by:
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fluctuations, like p,=§p, f(¢)u'-w’) . Attention should be paid to the fact that the transport
mechanism here has a different physical origin, compared with the Reynolds stress in fluid turbulence.
Buyevich (1972) has attempted 10 examine the hydrodynamic dispersion in a suspension using an
analogy with turbulent flow. Numerical simulations of shearing and sedimenting suspensions (Ladd,
1993; Cunha and Hinch, 1996 a, b; Cunha, 1993, 1995; and Cunha and Hinch, 1995 a, b, ¢) and
experimental evidence about fluctuations and hydrodynamic dispersion in suspensions (Leighton and
Acrivos, 1987; Nicolai et al., 1995. and Ham and Homsy, 1988) have given support for the
understanding of fluctuations in suspensions at low Reynolds numbers.

It is instructive in this stage 10 give a physical interpretation of the stresslet (S) because it has no
counterpart in molecular system. It is considered the simple case of computing the bulk stress tensor in
a homogeneous infinitely dilute suspension of rigid spherical particles. This case corresponds to study
the dynamics of an isolated particle, since for ¢=‘%Z%mjﬂ0, all interparticle hydrodynamic
interactions are neglected. For the condition of non-colloidal-particles, which are torque and force free,
undergoing shear at low Reynolds number (based on the particle size), the bulk stress tensor of the
suspension becomes (£)=—(p) [+2(e)+(S). Now, the third Faxen law (Batchelor and Green,
1972), gives the expression for the stresslet (S), exerted by an isolated sphere on the fluid
(S}a =“_—‘?Jr,r.£aje . Then

ES Ir},ta n(e)=5up{e) (41)

N

where n is the particle density number ( =X

--ﬂ}—] . We find therefore that
4na

(e)=—e) 120 1+ 3 00l (0 @

The above result shows that the resistence of rigid particles to straining motions leads to an
increased rate of viscous dissipation which, for the equivalent homogeneous material, may be
characterized as an increase in the bulk viscosity, first found by Einstein (1956). In view of this result,
we argue that the general representation of the constitutive equation for {(£), may be better represented
on the form

! 1
(e), =Ee.-([.)x - p_,¢:)—<m+a.r)—<xa Sa), +2u5(0)e)—p p(u'n) 43)
where (@) is the relative viscosity of the particle phase. Note that in the dilute suspension limit
ps(9)=30.

The Average Hydrodynamic Force

The mass and momentum balances are valid for any material and for motion at any Reynolds
number. What distinguishes one system from another is the form of the constitutive relations (for
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hydrodynamic drag and stress, for example). For our applications to low-Reynolds number flows the
average hydrodynamic force is simply given by

(F),==09(p) , +6muan gl (q))((u)s —(u}) (44)

The first term on the right is the Archimedean force and the last is the average viscous drag.

Fluctuations in Sedimentation at Moderate Stokes Numbers

In this section the models described above are adapted to describe the steady state of velocity
fluctuations occurring in the large box limit, predicted by the scaling arguments. It is studied the case
of fluctuations much larger than the mean motion, so that if U/, is a typical average velocity of the
particles occurring on a length scale [ of the suspension and U/* is a typical fluctuation about the

Pl —ofu? /1)<<(uwu’)=0fu" 1).

average on the same length scale, then

For Lypical particles of radius less than about 100 in air, at standard atmospheric conditions, the
particle Reynolds number Re=p U/ a/ it is of order one or smaller, indicating the* inertial effect in
the gas 1s small. On the other hand, the particles Stokes number defined as S - —'r— is greater than
one for particles larger than a few micra, indicating that the inertia of the particle {J;sﬁgiénificam. In view
of this situation and the relative theoretical tractability of low Reynolds number suspensions, it is
natural (o seek a theory valid in the asymptotic limit of Re << 1 and moderate Sr. Note that this
condition is physically consistent with the dusty gas hypothesis that we have assumed in our scaling
arguments, In addition, we consider the limit case wheree the Péclet number is high which corresponds
to a suspension of non-Brownian pnniclesi Pe= ’:—; = %

expresses the ratio of particle advection by the imposed flow (sedimentation) to Brownian diffusion, [J

In the present context Péclet number

is the ordinary diffusivity of a dilute dispersion of independent spheres of radius a as first derived by
Einstein (1956).

Although the suspension here will be considered dilute, the effect of the viscous hydrodynamic
interactions between the particles will play an essential role. Because of the slow decay (like 1/r) of the
velocity disturbance in sedimentation, the most fluid-dynamic interactions will be long range (between
particles separated by a distance large compared with the radii @). As a result, a point particle
approximation will be assumed for the description of the fluctuations.

As in the scaling arguments, the model will be based on considering that density fluctuations drive
convection currents in sedimentation. We use an extension of Boussinesq's approximation, stating that
variations of the particle phase density p.¢ are ignored, excepl insofar as they give rise to a
gravitational force (f},=¢,p,g+{Apig . Thus the continuity equations may be used in its constant
concentration form V‘(n> =il

5

Since our interest is in sedimentation of non-colloidal point-particles at low Reynolds number in a

dilute monodisperse suspension, we shall discard the term of acceleration = p ¢ ra+ar’ and the term
associated with non-colloidal forces (x,f,),. Furthemore in the present application the average
velocity of the suspension (uy=¢¢u,)+( /¢ )(u;)=0 (which imposes that the fluid must move
upwards 1n order to compensate for descending particles), and the deviatoric stress tensor (defined m
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N
.1 9 ZD - _Z§ “+"”}is" :;";_[{Tadﬂ q(‘ufu): *p:¢(“’u'>.r (38)

a=]

where r=x—x, . with x, the location of the centre of particle . It was assumed that the particle force
N
[ 18 constant within the particle and (/) = ri z [\, is the body force per unit volume exerted on

the particles. The sum is made over all N particles in an averaging volume.

The dipole D, J. (a m)rdS can be grouped as a combination of an antisymmetric part connected
with the hvdrodymﬁrm_ torque: and a symmetric dipole field intimately identified with straining
motions, i.e. D=8, +T, . Hence ones find

K2 _—§ [(o-n)r+r(c-n)jas and T, -—§ [(a n)r—r(o-n)|ds (39)

These symmetric and antisymetric portions are called, respectively, the stresslet and the rotlet of the
particle @ (see Batchelor, 1970). The term | pradil can be also written in terms ol a symmetric and

: i : ; e
antisymmetric part in the following manner:

IJJI"Grfﬁ -J'-le(m+arjd13+ ijp{m —arydi

Py

Thus the antisymmetric part 7,, along with the antisymmetric part of the acceleration term. is related to
the total external torque exerted Ly on a particle & Hence T, =7, + . | p (ra—ar)dd=1 Le: Ly or

Tji =% € j L . Then the equation for the average particle stress facinal "

(€),=(8), +2e:(L), ~p 9 {ravar), ~(xafa), ~pudlusc), (40)

where (S) - iza ,Sq and (L) == E“”La . Note that S, =S:,-Jsap (nu+un)ds . and for rigid
particles the velocity at particle surface is a ngid-body motion. Consequently, the velocity terms in the
integral vanish identically (i.e. §,=S, ). Equation (40) is similar to the equations for a molecular
system (sec McQuarrie pp. 411-412, for example). Both the interparticle force (x, .,f',,,}j (which is an
average stress that arises in molecular or colloidal systems) and the fluctuation terms are present for
molecular system, The acceleration and torque contributions would also be present for finite-size
molecules, The only new term is the hydrodynamic stresslet (S)J_ ;

The inertial stress p,q‘)(u'u’:‘-. for the particles, in the present context, is associated with the transport of
particles momentum disturbances resulting from a randomly and fluctuating velocity, caused by all the
neighborhood via the viscous hydrodynamic interactions. It describes the spread of momentum by
fluctuation-fluctuation interactions associated with particle inertia, which can be described by an
effective or non-Jocal viscosity. This mechanism of fluctuation is different from the random motion of
particles due to touching collisions that are characteristic of a gas-fluidized bed. The random motion in

a gas-fluidized could be described by a “particle temperature™. As the particles collide they exchange
momentum, This effect may be described by a “particle pressure”, determined locally by continual
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both fluid and solid parts of the suspension) is an stationary random function with constant mean and
V{ey=0 because the suspension is assumed to be statistically homogeneous. Taking into account the
above conditions into (43) and (44) and using (30), the equation which expresses the balance of force,
per unit volume, in the flow driven by density fluctuations is deduced to be

-p¢,V-(u'u’) +(Ap)g+6mpant ~V(P)=0 (45)

For convenience, the effect of the body force ¢,p,g was incorpored into the modified pressure P
defined as P=¢”(<p>f —psg-xJ.

A self-consistent analysis (Koch, 1992) for a solid-gas suspension at moderate Stokes number
{1 ee e ‘u-: ) predicted that the average effect of the particle stress associated with the fluctuations can
be described by using a non-local viscosity, which depends on the wave number of the disturbance.
That theory seems to be equivalent to use velocity fluctnations outside a test particle in the equivalent
medium with this eddy viscosity. In particular, we suppose that p ¢, (w'u’), is approximately a linear
function of various components of the mean motion gradient driven by density fluctuations. For
sufficiently small magnitudes of these components the hypothesis may be expressed as
PP ) =~ g Alug b
with the graviry dlrectmn In order to simplify the present analysis we shall neglect the anisotropy in the

. Here nyy is fourth-order. The .mummpy of this tensor is associated

velocity fluctuations and consider the simpler form, when the dynamic of hydrodynamic 15 isotropic.

Thus the governing equations take the form

(ap)g+1V*(u) ~V(P)+6muant/;=0 and V-(u) =0 (46)

The system studied here should be dimensionless. Now, we shall look for the best way of doing it.
We consider that ¢, U, and 6aual/; represent respectively the characteristic references scales for
length, velocity and force. Introducing dimensionless quantities into (46) ones obtains

5 ]
LB A——_V2%-V'p'=0 and V.u'=0 (47)
n, £ 61'5'1”
where " z-{"— pre—L B a=2 . is the density number Muctuation (which for a

&
dusty gas ap=wmn ), Py W",f{ _ﬁ In order to simplify the notation we have dropped all symbols
denoting averaging.

We will investigate the flucluations on the wave number of a container IxLxH by imposing
periodic boundary conditions. The solution of (47) for the periodic fluctuation field may be written in
the form (see Cunha, 1995, for details)

[:- 4 J-;i(k)ga(k_kﬁ}e""”“
-3 ; ; dk (48)
kg 1

< gAlk k70
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where Z indicates a summation over all reciprocal lattice vector kg, except where |k'3 I—U The
vector k [§ the continuous wave vector (in the Fourier space) and kﬁ is the inverse lattice vector which
only takes on values commensurate with the mverse lattice. Thus the vector ky represents a wave
number which can be defined as k [a — ——) with f3;,B,,.B8; integers positive or negative
(0.+£1.+2,..) and ¥ the volume of the penudlc box. Again § denotes Dirac's “delta function”, Note
that we have drop the symbol (*) of the dimensionless quantities in order to simplify the notation.

From Equation (48) and using the properties of the & function we can write that

s

8 il

il== §7 49
T R B
Here, Afkg) denotes the Fourier transform of the dimensionless nonlocal viscosity associated with the
wave number of the periodic box. Since our interest is in wavelengths much larger than the screening
distance y (i.e. the inertial range of the scaling arguments) the ratio A(kg ) is found to be a function of
the box wave number Stokes number and a function of the concentration of the particles
(k ﬂ] 26145(2nk g x) “ for kguSt” S9! (Koch, 1992).

With the hypothesis of isotropic fluctuations (i.e. gg=gl ) we examine the behaviour of the
velocities fluctuatons parallel (u|' ) and perpendicular (u ) to the gravity direction in a similar way.
Using the variance as the simple.. measure of the velocity fluctuations and the previous result in which

for a suspension whose particles  were  randomly distributed  with  uniform  probability
(it kp» I (ks 1) =\ ones oblains rom (49) that

/ vy
kA% WL o ST ’ K
(rq-' Bl Ty . RS S (50
A ot ke k) A (kK
and
S /
{ Y 4 il ir K 1 i
g Ay Rl gl ] -~ 1)
A A TR (kg h

where the notation n” (ky j denotes the complex conjugate (=ni ks )). The lattice sums (50) and (51)
must be calculated numerically.

Results and Discussion

A theory based on the mechanism that horizontal density fluctuations leads to vertical velocity
fluctuations in sedimentation, has been presented, to provide a statistical description of the fluctuating
motion of shghtly heavy spheres as they sediment through a monodisperse dilute suspension, under
creeping flow conditions. To illustrate the behaviour and theory predictions some results are now
presented. Whenever possible, they are compared with recent numerical simulations and also with the
limited experimental data available.

In order to examine the prediction of Eq. (27). that describes the behaviour of velocity fluctuations

for the limiting case a<</<<jy, the quantity {U’3)|| (i.e. the dimensionless vertical variance) was
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evaluated and then plotted versus the box parameter £ . Figure 3 shows a comparison of the theory
prediction with recent numerical simulations carried out by Cunha and Hinch (1996 b), The simulation
results correspond to the vertical variance of sedimenting particles in a impenetrable box with side
periodicity of dimensions Lx Lx H | and aspect ratio %:3 . All simulations were performed with the
particles located randomly and independently in the impenetrable box. just as assumed by the present
theory. The comparison shows that Eq. (27) predicts well the behaviour of the vertical variance.
although giving results slightly larger than the simulations. It is seen that the variance is a
monotonically increasing function of the scaling ¢£ when particle inertia is assumed very small. The
discrepancy between the theory and simulation is attributed to the small deviation (i.e. statistical
fluctuations) from unity of the suspension structure factor in the computer simulations, while 1l was
assumed exactly equal to unity by our simple theory. Figure 3 shows that the values of the relative
vertical fluctuations. u'ﬁ ¢!, are appreciably large, Of/), and are thus in qualitative agreement with
the experiments carried out by Ham and Homsy (1988) (where the fluctuations were ranging between
25% to 46% of the mean for a dilute suspension), and with those measurements of fluctuations recently
reported by Nicolai et al. (1995), who found a relative fluctuation of 77% of the mean for ¢=5%. On
the other hand, this order of magnitude is substantially less than the theoretical prediction, \.IT =22,

found by Koch and Shagfeh (1991) for particle and fluid free of inertia.
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Fig. 3 Dimensionless Vertical Variance as a Function of the Box Parameter. Numerical simulation of Cunha and
Hinch (1896 b}, dashed line theoretical prediction of the present work

The most stnking aspect of the result shown in Fig. 3 is related with the variance in the settling
velocity. When particle inertia is negligible, it depends upon the size of the box with the variance
mcreasing linearly when the size of the box is increased. In view of this. Cunha and Hinch (1996 b) also
performed numerical simulations of sedimenting particles in a finite box with periodic sides to
investigate if an initial random independently distribution of particles could evolve in tme 10 a
suspension structure that produces fluctuations, independent of box size. In particular, they wondered
whether the convection currents which dominates the sedimentation process on the length scale of the
settling box, would be able 10 produce horizontal uniform density so that fluctuations i velocity
would decay in time. Surprisingly, they discovered that the velocity variance will always be limited by
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the box size, because the probability density in the bulk of the suspension changes just slightly from the
random and independent initial configuration for a monodisperse suspension of rigid particles.

Both the present theory and scaling arguments have shown velocity fluctuations increasing in a
predictable way that agrees with Caflish and Luke's (1985) theory and the numerical simulations of
Cunha and Hinch (1996 b), Ladd (1993) and Koch (1994), while the recent experiments by Nicolai and
Guazzelli (1995) have shown that the fluctuations are independent of the settling box size. Eventually,
for the umderstanding of this embarrassing feature, some effort should be made to investigate the
difference between placing the particles at random and independently in the theory and in the procedure
of stirring the suspension in laboratory.

Now it is shown a quantitative evaluation of the present theory that predicts velocity fluctuations
for the limiting case />> ¥ (i.c. inertia range at moderate Stokes number). To this end the lattice sums
(50) and (51) were evaluated numerically. It was considered the simple case in which the rato of
viscosity, A, is isotropic. Again the density number fluctuations {{ kg 1" (kg J) were supposed to be
constant, with its value equal to the number of particles N that corresponds to a random suspension with
uniform probability. The numerical calculation of the lattice sums were then performed using a number
of boxes for the periodic lattice system corresponding to 125. This number of boxes was sufficient for
producing a rapid convergence of the series, with error less than 1% in comparison with test results
using larger number of boxes. The scaling s /?9"*(Lsa)"? was evaluated for various
combinations of the Stokes numbers, concentration of particles and the linear size (—f . keeping the
aspect ratio of the box H/L=3 .

Figure 4 shows the steady state of the vertical variance as a function of the scaling
72 =1/4

577267 (Lra)" | The theory indicates that the vertical variance is going to be independent of the
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Fig. 4 Dimensionless Vertical Velocity Fluctuation vs Scaling Factor. <5t = 10 and ¢ = 2%; + St = 10 and ¢ = 3%;
St=10and § = 5%; x St= 20 and ¢ = 3%: A St = 5 and ¢ = 3%. Dashed line 484 5 "% " ""* (s a)* .

box size and it scales like “.'[.;;,J s L L T The results are qualitatively similar
with Cunha's simulations (1995). The theory has also predicted that purticle inertia can diminish
velocity fluctuations in sedimentation even with no change in the suspension structure. In view of this,
the effect of particle inertia can be seen as a screening mechanism, which yields finite values of the

variance in a random sedimenting suspension as the size of the container becomes large, L—es, In
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-~ I
addition, Fig. 5 shows the ratio of velocity fluctuations, [y #y(«’’3, function of the scaling

s 97 1 sa"™ | According to this result the ratio of fluctuations is insensitive to the variations of

the scaling; 1t 1s roughly constant and equals to 3.72. This behaviour is in gualitative agreement with
numerical simulation results for limited box size at moderate Stokes number of Cunha (1995), who
found values for the ratio of fluctuations approximately equal to 2.5. Clearly, more work shall be done
in this part in order to examine more precisely the ratio of viscosity A, for anisotropic situation.
Experiments to measure the effective viscosity are needed to fully understand and explain fluctuation
behaviour when particle inertia is important. We are unaware of experimental results availablefor a
suitable comparison with our predictions.

Hopefully, the work presented in this article will provide a useful tool for understanding the
mechanism of fluctuations in sedimentation. The predictions of the simplified models should help to
design an efficient numerical simulation. Proceeding in this way, predicting mixing in sedimentation
should be possible.
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Abstract

The problem of non-darcian transient film condensation adjacent to a vertical flat plate embedded in a porous
medium has been considered. The governing equarion for the boundary layer thickness was obrained by an integral
method and solved approximately by the method of integral relations, It is shown that the results are in good
agreement with those vbiuined exactly by the method of characteristics.

Keywords: Transient Film Condensation, Forous Medium, Convection, Boundary Layer.
—— Nomenclature
a = dimensionless time ke = thermal condutivity & = film thickness (m)
function (kW/m 2C) A = dimensionless film
A = shape factor defined by K = permeabllity (m%) thickness
Eq.7.b | = height of the plate (m) £ = porosity
B = shape factor defined by m = local mass flux of u = dynamic viscosity
Eq. 7.c condensate (kg/m’s) (kg/m s)
C = parameter defined by Eq. n = 1 for the method of 8 = dimensionless
23 characteristics temperature
¢, = specific heat at constant 0 for method of integral p = density (kg/m?)
pressure (kJ/kg C) relations o = shape factor defined by
D = shape factor defined by Nu,= Nusselt number (Eq. 24) Eq.7.a
Eq. 10.b Ra = modified Rayleigh ¢ = heat capacity relation
E = empincal constant number (Eq. 9.b) defined by Eq. 1
associated with the t = time(s) 1 = dimensionless time
porous inertia T = temperaiure (°C) E = dimensionless normal
f = weigthing function u = longitudinal velocity coordinate
F = shape factor defined by component (m/s)
Eq.17.a v = normal velocity Subscripts:
g = acceleration of gravity component {m/s) | = denotes quantities
(m/s”) x = longitudinal coordinate associated with liquid film
G = shape factor defined by (m) ¢ = denotes composites
Eq.17.b X = dimensionless quantities of the fluid
Gr = Grashof number (Eq. 2) longitudinal coordinate filled porous medium
hy = latent heat of y = normal coordinate (m) s = saturation
condensation (kJ/kg) ss = steady state
H = shape factor defined by Greek Simbols: w = wall
Eq. 17.c o = thermal diffusivity (m?/s)

Ja = Jacob number

Introdution

Cheng and Pop (1984) considered the problem of Darcian transient free convection adjacent to a
vertical semi-infinite flat plale embedded in a porous medium with a step increase in the wall
Manuscript received. January 1995. Technical Editor: Carlos Alberto Carrasco Altemani
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temperature and surface heat flux. The governing equation for the boundary layer thickness was
obtained by an integral method. The equation was solved exactly by the method of characteristics and,
approximately, by the method of inlegral relations. The results based on the method of integral relations
are in good agreement with those based on the method of characteristics.

The problems of transient film condensation over a vertical surface in a porous medium with
constant wall temperature have been treated in a similar fashion by Cheng and Chui (1984) when the
flow is Darcian, while the non-Darcian transient film condensation was investigated by the authors
{Ebinuma and Nakayama, 1990a,b). using the method of characteristics.

In this work, consideration is given to the non-Darcian transient film condensation in a porous
medium adjacent to a vertical surface, when its wall temperature is suddenly cooled below the
saturation temperature and remains constant thereafter. The governing equations for the growth of the
boundary layer film thickness are obtained by the Karman-Pohlhausen integral methods using the Ergun
model (1952), which accounts for the porous inertia effects by a velocity squared term, know as the
Forchheimer term (1901). These equations for the film thickness tumm out to be first-order partial
differential equations of the hyperbolic type and solved approximately by the method of integral
relations (Cheng and Pop, 1984). The results show that the boundary layer thickness increases
monotonically with time and approaches asymptotically the steady state condition, where the film
thickness remains constant,

Analysis

Figure 1 shows the physical model and the coordinate system considered to analyze the problem of
non-Darcy transient film condensation over a vertical surface.

Under the same assumptions made by Cheng and Chui (1984) and the authors (1990a,b), the energy
equation with the aid of the continuity equation can be integrated across the condensate film thickness
to give:

X, u
Fig.1 Model and Coordinate Systems
! i y=8
6°iI{T—T}Jdv . ijm—mdy iy | BT (1)
dtdo dx iy 2¥|,0

where x and y are the coordinates along and perpendicular to the vertical surface; ¢, the time; Tand T}
are the temperature and saturation temperature of the condensated, respectively; 6= (pc, ). / fpecy b
and a, = kr/(p €p ki 3 (pc,)andk, are the heat capacity and thermal conductivity, respectively. The
subscript [ denotes quantities associated with the liquid film and ¢ denotes composite quantities of the
fluid filled porous medium defined by the porosity relation between the quantities associated with the
porous medium and the saturated liquid. The Darcian velocity in the x-direction given by the Ergun
model (1952) is:
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where p and p are th'e density and the viscosity of the condensate, respectively; K, permeability;
Gr=plp-p, n:F& © /1 is the modified Grashof number representing the relative significance of
the porous inertia; E, the empirical constant associated with the porous inertia which becomes quite
significant as the Rayleigh number increases, and g is the acceleration of gravity,

The initial and the boundary conditions are:

t=1 6=1 T=T, (3.a)
>0 y=0 T=T, (3.b)
y=28 T=T, (3.0)
and
mhg = k. ‘3: } (3.d)
:

where hg, is the latent heat of condensation and m is the local mass flux of the condensate related to
the film tfﬁickness through:

a
m:%Lpudy+5‘p% (4)

where € is the porosity. Substituting Eq. (4) into Eq. (3.d):

JaT [ ad 53]
k\ = h = & — 5
3 T N R W PR 7
Substituting Eqs. (5) and (2) into Eq. (1), the following dimensionless form can be obtained:
1 ) dA / ] dA B
A L ap|lAas === 6
( +O’J"ﬂ}ar+ [ +J’a aX A )
where
!
o=0¢, A=|(&)di. B=-8%0) (7a.b.c)
0
E=y/8, A=6/1, X=x/iRa. t=a_t/at’ (8a.b.c.d)
Ja=c,(T, - T,)/hg . Ra=K(p-p,)gl/pa, (Ya,b)
and
12
Xhil 1+ 4Gr)"" -
L B L d. i (10a,b)
y I 2Gr

The prime denote differentiation with respect to &; I. the heigth of the plate: Ja, the Jacob number;
Ra, the modified Rayleigh number; 7, the wall temperature, and D a shape parameter determinated for
a given Grashof number.

The initial and the boundary conditions (3a,b,c) become:
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t=0 A=0 g=0 (Ilab)
el Bl Faf (12)
;:] g=0 (13)

Now, we shall adopt the same temperature profile assumed by Cheng and Chui (1984) and by the
authors (1990a,b), namely:

B(E)=1-CE+(C-1K* (14)
The shape factors A and B can be expressed in term of C as:
A=(4-C)/6  B=-C (15a.b)

The dimensionless parameter C is negative, and associated with the temperature gradient at the
wall, which remains to be determined from Eq. (5) as Eq. (6) is integrated.

Substituting Lgs. (15.a.b) into Eq. (6) the result can be expressed in the following form:

da da C

— DF— = — 16)

T e,
where,

F=G/H, G=(4-C)/6+1/Ja. H=(4-C)/6+1/0Ja (17a,b¢)

In applying the method of Integral Relations (Cheng and Pop. 1984), we first multiply Eq. (16) by a
weighting function f{X). The resulting equation is integrated with respect to X from X=0 o X=1. to
give:

o4 IﬁX}.ﬁrXr)dXJ«DFl:ﬂ}JAHH _[ f rxmx:ux]: "Xy sy
nAXT)

We now assume that the weighting function f and dimensionless film thickness A are given by
{Cheng and Pop. 1984):

f{Xj=X 19

A X,T)=alT)X " 20

Substitution of Egs. (19) and {20) into Eq. (18) and integrating yields:

a(t) + —DPG(TJ (21

da(T) SC
T 3H

Equation (21) with the initial condition Eq. (11) has a closed form solution. With this expression for
ai ), Eq. (20) gives:

Axt) = [2¢/pG)"? {1 - exp[(5/3) D (G/H) r]} S xin2 (22)
In order to determine the value of parameter C, we substitute Eq. (22) into Eq. (5) in consideration

of the steady state condition (i.e, T—»e), and utilizing Eq. {(14) to obtain the same expression as in
Cheng and Chui (1984) and the authors (1990a), namely:
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C= {_f(;.g g g)ia J[Q{Ja +2) -4Ja(2Ja + 3_)]} / Ja (23)

The surface heat flux is easily obtained by utilizing Eq. (22) and represented in terms of local
Nusselt number as:

Nuy[Ra, = {(cDG2)|1 - el 513) 0 (G/1) 7]} (24)

It 15 interesting to note that as T—e=, Eqs. (22) and (24) become identical to those obtained by the
authors (1990a), tor the steady state condition, using the method of characteristics.

The growth of the film thickness with time (represented by Eq. (22)) is shown in Figs. 2 and 3 for o
= 1.0 and 0.6, respectively. In each figure the results obtained for two values of Ja (1.0 and 0.1) and
three values of Gr (0.0, 1.0, 10.0) are presented in solid lines. [n similar fashion , the variation of the
local heat flux with time (represented by Eq. (24)) is plotied in Figs. 4 and 5 , for the same values of o,
Ja and Gr. Figures. 6 and 7 show the growth of the film thickness along the vertical surface during the
transient period until the steady state condition (T ) is attained for o = 1.0 and 0.6. respectively. In
each figure the cases for Ja = 0.1 and Gr = 0.0, 1.0 and 10,0 are considered. The exact solution obtained
by the method of characteristics is also presented in dashed line, for comparison,

Both methods show that, for fixed values of Ja, the dimensionless time required for the steady state
condition increases with increasing Gr values and decreasing © values, It is important to note that, for
fixed values of Ja and o, the exact solution by the method of characteristics fits the same points as in
transient period and the influence of Gr parameter is on the time required to reach steady state. For the
approximate solution by the method of integral relations, the time required is obtained asymptotically.
So, the approximate solution needed only one equation to represent the transient film condensation in
porous medium, while the exact solution needed two equations, for the transient and steady state
periods. Thus, for the transient film condensation problem, the results based on the method of integral
relations agree fairly well with the exact solution obtained by the method of characteristics.

T T T T Ll | ' |
INTESRAL REL ATIONS i mea e R 0
14 | e METHOD OF CHARACTERISTCSIm 1| -
'
1
a0
W0
'
@r<0
1 1 |

DN

a " a2 48 [ 2]

Fig.2 Growth of Film Thickness With Time for o = 1,0
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Fig. 3 Growth of Film Thickness With Time for ¢ = 0,6

Concluding Remarks

The problem of non-Darcy film condensation in a porous medium has been solved approximately
by the method of integral relations. The governing equation for the film thickness (Eq. (22)) has been
reduced to an analytical function of X and 1. The equation reveals that the leading edge effects (Cheng
and Pop, 1984) increase with the inertia effects. Thus, the time to reach the steady state condition
increases as the inertia effects become significant.

an I T ' I : {
arve
— INTESRAL AL ATIONS (L1}
Ny, —— — = METHOD OF CHARACTERISTCS Inv4 ]
“.h Br0
-

20

Fig.4 Local Heat Flux as a Function of Time foro=1,0
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Fig. 5 Local Heat Flux as a Function of Time foroc=0,6
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Fig.6 Growth of Film Thickness Along the Vertical Surface foro=1,0
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Fig.7 Growth of film Thickness along the vertical surface for o = 0,6
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Abstract

This paper presents an adaptive procedure to mmmimize ervors that vccur in the discretization of curved boundaries.
Initially the boundary is represented exactly by a b-spline function. Then, the curve is aproximated by a series of
quadratic elements. An error measure avails the différence between the aproximated curve and the original one,
refining areas of major error.

Keywords : Numerical Methods, Boundary Element Methods, B-Splines. Adaptive Procedures.

Resumo

Este artigo apresenta wm procedimento adaptativo para minimizar os errvas obtidos na discretizagdo de contornos
curvos. Inicialmente o contorno € representado exatamente por uma fungdo b-spline, A curva € entdo aproximada
por uma série de elementos quadrdticos. Um medidor de erro avalia a diferenga entre a curva discretizada ¢ a
ariginal, refinande as dreas de maior incidéncia de erro,

Palavras-chave: Méiodos Numéricos, Méiodo dos Elemenios de Contorno, B-Splines, Procedimentos Adapiativos.

Introdugéao

Um dos fatores causadores de erro no MEC consiste na avaliagiio incorreta da geometria,
especialmente nos pontos de descontinuidade de tangente. Em geral, a malha é refinada por inspecio
visual. nem sempre levando a uma boa representagiio. Este tipo de erro é muito fregiiente no MEC,
onde fun¢bes de interpolagdo Lagrangeanas para a geomelria podem introduzir descontinuidades de
tangente que por ndo existirem, devem ser minimizadas (Ver Fig. 1).

Quando o canto realmente existe, ele deve ser considerado como tal. Viras técnicas foram
desenvolvidas para se considerar descontinuidades de tangente. Tnicialmente elementos continuos foram
utihizados. Neste caso, mesmo um refinamento excessivo na vizinhan¢a do canto ndo levava a respostas
boas, pois forgava a continuidade de forgas de superficie na vizinhanga dos cantos, gerando erros
inaceitdveis. Estes erros foram inicialmente reduzidos através de procedimentos nos quais os cantos
eram substituidos por curvas suaves de raio de curvatura pequenos (Jaswom e Symm, 1977).

Em uma tentativa de ser mais rigoroso, Brebbia (1978) desenvolveu uma técnica na qual se utilizam
dois nés muito préximos e posicionados entre 2 a 5% da extremidade do elemento de canto. Esta
técnica, além de aumentar a dimensdo do sistema de equagdes, gera especiais dificuldades quanto a
colocagdo Gtima desses nds. Na época, como os procedimentos de integragfio para elementos quasi-
singulares eram poucos conhecidos, erros de integragio se somavam aos introduzidos pelo
deslocamento dos nés geométricos de sua posigio correta, tornando os resultados muito pobres.
Manuscript received: February 1996. Technical Editor: Agenor de Toledo Fleury
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Mais recentemente, Cabral (1992) incorporou as b-splines no MEC, utilizando elementos iso-
paramétricos com a subsequente inclusio das b-splines como fungdes de interpolagdo. Essa
consideragdo, apesar de retirar 0$ cantos, requer a alteragio da formulagio iso-paramétrica original do
MEC.

Neste artigo, apresenta-se uma maneira de se utilizar uma spline no MEC sem alterar a sua
formulagdo original. Mostra-se um pré-processador geométrico que gera uma spline que passa por

pontos especificados, Posteriormente o procedimento aproxima essas splines por meio de fungoes
quadrdticas, para processamento em um programa do MEC iso-paramétrico, quadritico convencional.

Splines

O conceito de spline de forma genérica designa uma curva formada por uma série de fungoes
polinomiais concatenadas umas as oulras, e gue obedecem a determinadas condigdes de continuidade
entre as diversas partes. Essas fun¢des requerem para sua representagio apenas o armazenamento dos
diversos coeficientes das fungdes e dos pontos especificos por onde ela aproxima ou passa. Por outro
lado a utihza¢io de uma fungiio trigonométrica, exponencial ou logarftmica, requereria um esforgo
computacional maior.

Existem vdrios tipos de splines na literatura, incluindo-se a Padrdo (on Natural), Overhauser, Bezier
¢ B-splines. As duas primeiras sdo splines de interpolagio e as outras sdio de aproximagdo, conforme a
curva passe ou nao pelos pontos fornecidos. Para um estudo mais amplo sobre o tema o leitor pode
consultar De Boor (1978).

Definicao
Seja X=(Xq, X1,-... Xn) um vetor real, tal que X; € menor ou igual que Xj,| (De Boor (1978)).
A fungao S ¢ chamada spline de grau M-1 (ordem M) se ela satisfaz as seguintes condigdes:
a. S € uma fung¢io polinomial de grau M-1 em cada sub-intervalo (X, X.1)
b. S e suas derivadas de ordem 1, 2...., M-2 sio todas continuas, ou seja, Se€C,_,.

Os pontos por onde a spline passa sio chamados nés e os sub-intervalos entre estes sdo chamados
segmentos da spline, conforme a Fig. 2.

Segmentos

i+1

xi—1

Fig. 2 Exemplo de Spline de Interpolagao

As splines quadriticas sao usadas puara representar curvas com curvatura constante, ac passo que as
clibicas sdo as mais simples para curvas concatenadas com virias curvaturas diferentes e por isso sdo as
mais usadas na computagio grifica e nos sistemas CAD/CAM.
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Fig. 1 llustragio de Ma Representagio de Geometria por Elementos Lineares e Quadrdticos

Posteriormente, foram desenvolvidos procedimentos que permitiam considerar corretamente cantos,
desde que as forgas de superficie & esquerda e  direita, ou pelo menos uma delas, fosse conhecida. Este
procedimento foi denominado nd duple e € discutido, por exemplo, em Mansur, Hulbritter e Telles

(1978).

O primeiro procedimento geral para considerar corretamente o problema de forcas de superficie
descontinuas em cantos foi desenvolvido por Chaundonneret (1978), para elasticidade bi-dimensional.
Duas equagdes exltras para pontos onde forgas de superficie podem ser descontinuas foram obtidas
através da hipétese da unicidade do tensor de tensdes, juntamente com a condi¢io de invaridncia do
trago do tensor de deformagdes. Desta forma foi possivel considerar as incdgnitas extras que aparecem
quando descontinuidades de forgas de superficie existem. Um procedimento equivalente para problemas
de potencial foi proposto por Alarcén, Martin e Paris (1979) que obtiveram equagdes extras da condigio
de unicidade do fluxo total em cantos.

O procedimento mais difundido hoje em dia é o proposto por Patterson e Sheik (1981), no qual
pontos de colocagio e nds funcionais sdo deslocados para o interior dos elementos. Estes elementos sido
denominados descontinuos.

Pontos de colocagdo ndo coincidentes com nds funcionais também tém sido utilizados para gerar as
equagdes extras necessdrias. Venturini (1983) adotou um procedimento computacionalmente simmples
gue consiste em usar pontos de colocagdo fora do dominio. Uma outra alternativa € utilizar o
procedimento sugerido por Mustoe, Volait e Zienkiewickz (1982) onde os nés geométricos e funcionais
coincidem e os pontos de colocagio sdo deslocados para o interior do elemento. Estes elementos ém
sido referidos na literatura (Marques e Mansur {1987) e Mansur e Ferreira (1982)) como elementos de
colvcagdo nao nodal.

A preocupagio demonstrada pelos pesquisadores no decorrer dos anos com o tratamento correto de
cantos decorre da sensibilidade da andlise numérica a uma md representagdo dos mesmos. Cantos
mexistentes devem a todo custo ser evitados, ou pelo menos minimizados. Isto pode ser conseguido
utilizando-se procedimentos que permitam que duas curvas diferentes lenham a mesma tangente. Os
polinémios de Hermite, amplamente utilizados no Método dos Elementos Finitos (MEF), podem
garantir a continuidade de derivadas,

Em processos de fabricagio industrial utilizam-se curvas que evitam a introdugiio artificial de
cantos inexistenies. A curva mais utilizada para a geragio de contornos suaves é a spline. No comego
deste século. as splines tinham uma conceitna¢do genérica e se traduziam em instrumentos mecanicos
necessirios para o desenho € o projeto de navios e avides. Durante a década de 40 e, posteriormente,
com o desenvolvimento dos computadores digitais ¢ do Projeto Assistido por Computador (CAD), as
splines ganharam uma fundamentagio mais matemética, ao mesmo lempo em que seu uso fol
crescendo.

A utilizagdo de splines (b-splines incialmente) no MEC contudo. demorou bastante, uma vez que os
programas inicialmente desenvolvidos aproximavam geometria, deslocamentos ¢ forgas de superficie
em termos de polinémios de Lagrange.
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Algumas Variantes das Splines Cubicas

Existem diversos tipos de splines geradas pela teoria matematica, de acordo com as diferentes
fungdes polinomiais e as diversas condigoes de continuidade entre os segmentos:

Hermite: Sio polindmios definidos pela especificagdo dos nds por onde a spline atravessa e pelas
suas derivadas nesses pontos. Possuem, portanto, uma continuidade da derivada primeira ao longo de
toda a curva e sdo splines de interpolagio.

Natural ou Padrio: Sdo formadas pela condigio de que os sucessivos segmentos possuam derivada
primeira e segunda conlinuas, e nos nds inicial e final a derivada segunda seja igual a zero. E um caso
especial dos polindmios de Hermite. Sdo pouco usadas porque ndo permitem uma perfeita modelagem
da curva. Alterando-se a posi¢do de um ponto se modifica toda a curva.

Overhauser: E uma spline de interpolacio na qual se tem um controle local, e que ¢ formada pela
utilizagdo de duas fungdes de ponderacio parabdlicas f; e f.. Na sua forma paramétrica, um segmento
Overhauser entre dois nés Pi e 2 é definido como sendo:

sfe)=(l—t}f;+1. 13 (1)

Bezier: Este tipo de spline é muito semelhante A definida pelos polinémios de Hermite diferindo
destas na definigdo da tangente no nod inicial e final. Essas sdo determinadas a partir do primeiro e
Gltimo segmento calculado. Da mesma maneira gque a Overhauser, necessita de 4 pontos de controle
para definir cada segmento, sendo uma spline de aproximagao.

B-Splines: Podem ser de aproximagao ou interpolagdo e sempre as derivadas de primeira e de
segunda ordem sao continuas.Cada segmento é definido por quatro pontos de controle, com os guais se
pode modelar a curva. Possui também um controle local, isto €, a posigio de um trecho da curva
depende somente das coordenadas dos pontos de controle mais préximos. As b-splines sdo mais
suaves que as outras splines, e possuem mais flexibilidade para representar as caracteristicas das
diferentes curvas, ndo permitindo excessivas oscilagdes ou flutuagdes, que muitas vezes as oufras
apresentam. Por este motivo é a que serd utilizada.

Existem outras formas de splines: Beta-Splines, Rational-Splines, Taut-Splines, ete, para diferentes
formas e aplicagdes que nao sdo tratadas neste artigo.

B-Splines

As b-splines podem ser divididas entre splines de interpolagdo e splines de aproximagdo. Na
primeira, a curva atravessa os nds especificados, ac passo que na segunda, esses nés servem como
pontos de controle para se modelar o comportamento da mesma.

A b-spline ¢ definida como sendo uma fungio polinomial que ¢ uma combinagio linear de fungoes
de base:

Piw)l=V_ E(w)+V.E;fw)+V, Fo(w)+V, 2 Ezfw) {2)

sendo:
Pifw) = coordenada (x ou y) de um ponia da spline localizado no segmento i.
w = coordenada natural que varia entre O e | dentro de cada segmento.
Eo, E1, E2e E5sdo as fungoes de base linearmente independentes.

V.

’j sdo as coordenadas dos pontos de controle para cada segmento {j=i-1,1,i+1i+2).



508 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, December 1997

vV \")

i+1

X-o

—

\'S Vv

i i+2

Fig.-3 B-Splines Geradas a Partir de Pontos de Controle

B-Splines Cubicas e Uniformes

Neste artigo serdio utilizadas as b-splines ctibicas com espagamento uniforme entre os nés. Nesse
caso, 0§ n6s sdo pontos correspondentes aos valores inteiros da coordenada natural (w=0 ou w=1), com
o parfimetro w variando de 0 a 1 de um né para o outro. A razio disso € a sua longa utilizagdo na
engenharia pelas propriedades que apresenta.

Para esse caso, definem-se us fungdes de forma como sendo:

? 3
wow ow
BI85k
A 8
E;(w;:%—w‘+§
w oW w1
Eifw)m——F—F—+—
4 2 2 R

(3)

3
E.ff w )='Ef"‘
) ]

Para o cdlculo de uma b-spline de aproximagdo, escolhem-se 4 pontos de controle para cada
segmento, varia-se w de 0 a 1 e calculam-se os pontos da spline dentro do segmento. Para segmentos
consecutivos, 3 pontos de controle permanecerio os mesmos do anterior. Essa condigo garante a
continuidade da curva. Para m segmentos existem m+/ nés ¢ sdo necessirios m+3 pontos de controle
distintos.

Propriedades

Uma caracteristica muito importante da b-spline é que qualquer usudrio com wm minimo de
treinamento pode modelar uma curva de uma forma pritica e intuitiva, o que explica o seu uso nos
sistemas CAD/CAM. Além do mais, a curva possui uma série de propriedades que garantem a sua larga
utiliza¢@o nos problemas de engenharia a saber:

Pontos de Controle: sdo pontos existentes fora da curva e que afetam a forma da mesma de uma
maneira intuitiva e natural, permitindo uma perfeita modelagem.

Controle Local: Uma caracteristica importante das fungdes b-splines é que os pontos de controle
permitem uma alteragdo local da curva. Alterando-se a posigado de um ponto de controle, somente se
altera a posigiio do trecho da curva mais proximo a este, conforme a Fig. 4.
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Pl-fW',J:VQEO(WJ‘I'V’E”‘W)+VEEQ|(W)+VjE_3(W) {4)

Particularizando-se a Eq. (4) para os pontos P; (w=0) e P, (w=1) e colocando-se sob a forma
matricial, vem;

{g}:% }g% %% ;/;J] il )

Da mesma forma para o segundo segmento:

Vi

e 28 e

Agrupando na mesma matriz, vem:

Va

V
?:o%%%ovz (7)
IR AA )

P

No método inverso, sio dados os pontos P, P, e P; e deseja-se calcular os vértices, para
posteriormente ser desenhada a b-spline. Porém, tal procedimento leva i indeterminagio do sistema de
equagdes, pois tém-se 3 incognitas para trés equagdes.

O problema da indeterminagdo se resolve introduzindo o critério de Yamaguchi (1978), que coloca
duas condigbes extras para tornar o sistema equilibrado. Para splines abertas, o critério consiste em
tornar:

Vo=V,

(8)
Vo =V,
Para splines fechadas:
Vo =V,
,G n %)
Varr =¥r

O sistema entdo se torna perfeitamente determinado, e no caso considerado, n=3 e spline aberta,
vem:

%+% % 0+0 v,
=\ 0+l 2 Jeo flv, (10)

5 040 % %+% Vy

R

o
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Fig. 4 Controle Local da B-Spline com a Alteragéo da Posigdo do Vértice v,

Independéncia de Eixos: As curvas b-splines sdo independentes do sistema de coordenadas
itilizado para descrever os pontos de controle,

Ordem de Continuidade: As b-splines ciibicas apresentam continuidade da primeira ¢ da segunda
lerivada.

Representagao Miiltipla: Com a b-spline pode-se representar curvas fechadas ou abertas. Para as
-urvas fechadas os Glimos 2 pontos de controle deverio coincidir com o primeiro e o segundo.

Variagdo Minima: A b-spline consegue representar fungdes hineares de forma exata, e garante que a
urva seja suave, nio apresentando mais oscilagdes ou ondulagdes além das quais apresenta a prépria
ungao.

Nas extremidades, a curva pode ser modelada conforme o desejo do projetista, e assumir diferentes
ingulos, suavizando ou introduzindo pequenos vértices nessas regides.

Miétodo Inverso

A presente segio discute a implementagdo de splines de interpolagdo, uma vez que o problema em
juesldo consiste em representar o contorno de um determinado corpo ou de uma curva suave com
quagdo conhecida, partindo de um ponto inicial conhecido e chegando ao ponto final igualmente
onhecido.

A modelagem da curva pode ser feita awravés da definigdo de um terceiro ponto entre os dois, ou
azendo-se uso dos pontos de controle.

Para se transformar a b-spline em uma curva de interpolagdo. € necessdrio fazer uso do chamado
Vétodo Inverso, proposto por Yamaguchi (1978). Por este método, sio fornecidas as coordenadas por
nde se deseja passar a spline, e este calcula a partir desses pontos os pontos de controle.

Seja o problema no qual, a partir de 5 pontos de controle, deseja-se construir uma spline dados os
»ontos P/, P2 e P3 de cada trecho, conforme a Fig. 5.

Fig. 5 Tragado de uma Spline com 5 Pontos de Controle e Dois Segmentos P1-P2 e P2-P3
Para o segmento P/-P2 a equagio que rege a b-spline € dada por:
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Para se resolver o sistema. deve-se inverter a matriz do sistema indicado pela Eq. (10), o que ¢
faciimente realizado para matrizes de ordem 3 ou 4. A existéncia da inversa ¢ garantida pelo fato das
fungdes de forma constituirem uma base para o espago das splines.

Quando o cnténo de Yamaguchi € aplicado para splines fechadas, pode aparecer uma
descontmuidade na derivada de segunda ordem entre o dltimo trecho e o primeiro, isto pela propna
condigdo de se fazer coincidir os pontos de controle.

Auto-Adaptatividade de Geometria

Usualmente, utilizam-se como fungdes de interpolagao no MEC as fungdes de Lagrange com
elementos isoparamétricos lineares, quadriticos ou cibicos para a interpolagido da geometria e das
condi¢ies de contorno. Estas fungdes, conforme jd foi comentado, ndo garantem continuidade de
tangente. Se esta continuidade for importante para a andlise numérica. a geometria serd melhor
representada através de sphines.

Sendo assim, foi desenvolvido um pré-processador geométrico que gera uma b-spline pelo método
mverso passando por pontos pré-determinados. Posteriormente, ap6s ser gerada, a curva b-spline &
aproximada sucessivamente por meio de fungoes de aproximagio de segundo grau, cada uma contendo
3 pontos da spline.

Ha um erro de aproximagdo, pois uma curva b-spline é capaz de representar com exatidio uma
curva de 2° grau, porém a inversa nio é verdadeira, conforme pode-se ver na Fig. 6.

T  B-spline
Curva paramétrica de
- segundo grau

Fig. 8 Aproximagdo de uma Spline por Meio de uma Fungéo de 2° Grau

Uma maneira de se minimizar essa diferenca consiste em se utilizar um medidor de erro que
identifique o grau de discordincia entre as curvas e aproxime a b-spline por quantas fungdes sejam
necessarias para minimizar essa discorddncia, conforme pode-se ver nas Figs. 7 e 8.

Implementou-se, portanio um estimador de erro que mede o quanto as fungGes de 2° grau se
afastam da spline. Caso essa diferenga seja maior que uma determinada tolerancia, novas fungdes de 2°
grau sdo inseridas, até se conseguir uma margem de erro pequena.

Fig. 7 Aproximacéo por Duas Fungodes de 2° Grau



512 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, December 1997

Fig. 8 Aproximacéo por Vérlas Fungoes de 2° Grau

O medidor utilizado consiste em se efetuar nas extremidades e no meio do elemento quadratico o
produto escalar entre os vetores unitrios tangentes as pardbolas (fungGes de 2° grau) e s splines,
verificando desse modo a diferenga angular, conforme a Fig. 9. Se este for maior que uma determinada
tolerdncia, deve-se redividir a spline com mais elementos quadriticos, caso contririo, pode-se passar &
resolugiio do problema pelo MEC. A tolerincia foi fixada em 1/10, ou seja, a diferenga angular méxima
entre os vetores deve ser de aproximadamente 5 graus.

Pode-se resumir o procedimento nos seguintes passos.
# 1: Entrada de n pontos por onde se deseja que a spline passe.

e 2: Modelagem da curva por b-splines até se obter uma forma satisfatéria. Esta modelagem pode
ser feita introduzindo-se mais pontos de interpolagio dentro da curva ou alterando-se a posigéo
dos pontos de controle.

e 3; Calcula-se para a b-spline a coordenada do ponto médio do trecho da spline a ser aproximado
pelo elemento quadritico.

e 4: De posse de 3 pontos, gera-se uma fungdo quadratica para cada segmento.

e 5: Para cada fungdo de 2° grau, calculam-se os vetores tangentes a spline e & fungéo nos pontos
inicial, do meio e final. Obtém-se o cosseno do dngulo entre eles pelo produto escalar.

« 6: Se houver algum valor que esteja acima de uma tolerfncia préviamente definida, rediscretiza-se
o segmento da spline a partir do n6 central, dividindo-o em dois, e retorna-se ao passo 3, gerando
duas novas fungdes.

Fig.9 Medidor de Erro para Geometria Entre B-Spline @ uma Fungéo Isoparamétrica de 2° Grau
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Exemplo 1

Como demonstragdo da téenica apresentada, seja a spline que foi gerada por interpolagio de quatro
nés indicados na Fig. 10. Deseja-se aproxima-la por elementos quadraticos, porém pelo fato da curva
ser assimétrica, deve-se tomar especiais cuidados na sua discretizagio.

Calcula-se a coordenada do ponto central da spline, e com esta gera-se uma fungiio de 2° grau,
conforme indica a Fig. 11a, e compara-se com a curva, verificando-se a grande distincia entre elas. A
partir dos pontos centrais dos dois segmentos da b-spline. outras duas fungbes sao geradas, conforme
indica a Fig. 11b. e comparadas.

Nas Figuras 12 e 13 indicam-se os outros refinamentos e a aproximacio final. Deve-se observar que
a partir da 4" iteragio, o programa se dedicou tnica e exclusivamenle a gerar novas funcdes na regido de
curvatura maxima, ao redor do ponto (2.77, 7.98), que é a que apresenta maior dificuldade para as
aproximagdes. Na 6" iteragdo, pode-se ver que as fungdes de 2° grau geradas representam ji com grande
precisdo a curva b-spline original, provando a eficiéncia do medidor de erro de geometria.

Na Tabela | indicam-se as coordenadas inicial, do meio e final dos elementos quadriticos gerados,
bem como a indicagdo da medida de erro nesses pontos. A toleriincia utilizada foi 0,10, Note-se que na
6" iteragdo, o medidor ainda identifica a necessidade de se refinar mais a regido de curvatura mdxima,
apesar de visualmente a aproximagio jd ser satisfatoria.

O programa efetua entdo as iteragoes 7, 8 e Y, gerando mais 6 elementos quadraticos na regido do
elemento 4 da Fig, 13 (b). Os elementos com as suas medidas de erro estio mostrados na Tabela 2.
Apesar de o erro ter diminuido consideravelmente, este ainda é superior a tolerincia. Porém, nao serd
feita uma nova iteragdo, para ndo se gerar elementos muito pequenos, o que poderia ocasionar erros
numeéricos na resolugdo do problema pelo MEC.

Pontos

Dados B Tk

(3.8)

nm (4.0
Fig. 10 B-Spline Tragada a Partir da Interpolacéo de 4 Pontos Dados

1a Heragdo: uma funcio 2a lteragao: duas

Pto médio (2.77, 7.98)

{2.20, 4.62) (3.5,4.3)
Pontos
Comuns

Fig. 11(a) Primeira Aproximagao com uma Fungio de 2° grau, e (b) 29 teragio com a Subdivisao da Primeira
Fungéo em Duas
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3a lteragdio: quatro fungdes 4a lterac@io: seis fungdes

Regiio s sor

Fig. 12(a} 3 Iteragio com 4 Fungbes de 2° Grau. Indicam-se as regides de maior erro que provocam a
discretizagio das fungdes 2 e 3 gerando e {b) a 4* aproximagéo com 6 fungdes. Indica-se a regifo mais critica onde
serd necessarnio um novo refinamento, que é a regido do ponto de méximo.

5a lteraciio: sete funcdes 6a lteraciio: oito funcdes

S

Fig. 13{a) 5* Discretizaglio com 7 Fungbes. Indica-se a Necessidade de uma Nova Subdivisdo na Regido do Ponto
Mséximo e (b} a 6% Aproximagio com 8 Fungbes.

Tabela1 Medidor de Erro para os Pontos das Fungdes Quadraticas Geradas, com a
Indicagdo dos Pontos onde o Erro é Maior que a Toleréncia Adotada

Ponto i 2° o 48 5e 62
lteracao lteracao lteracao lteracao lteracéo Iteracédo
(0,0) A13 .039 .025
(1.15,1.79) .001
(1.94,3.81) .061 01 046 .008
(2.19,4.83) .009
(2.39,5.88}) .028 .009 .01 .001
(2.47, 6.39) .002
(2.56, 6.96) 015 004 .022
(2.65, 7.46) 011
(2.77,7.98) 950 257 555 .156 .70 .105 .979 .076 .567 158
(2.92, 8.16) 729
(3.00, 7.97) 107 131 o
(3.07,7.7) .016
(3.12,7.45) 135 107 004 .009
(3.21, 6.29) .006
(3.29,6.38) 071 08 0 004
(3.42,5.37) 002
(3.55,4.24) 041 056 .002 0
(3.78,2.11) .01

(4,0) .069 .039 .002
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Tabela2 Iteragdes 7, 8 e 9, com a Discretizagao da Regido de Curvatura Maxima

7e g® ge

Iteracéo lteracéo lteragao
(2.77,7.98) 142 042 006
(2.78,8.03) .035
(2.79,8.05) 014 048 029
(2.80,8.09) .040
(2.82,8.12) 144 103 194 062 135
(2.84,8.15) .048
(2.86,8.17) 019 303 .039
(2.89,8.17) 297
(2.92,8.16) 697 126 334 .018 .018
(2.95,8.11) .068
(2.98,8.05) 091 005  .007
(3.00,8.00) 011
(3.00,7.97) 119 .022

Exemplo 2

Para demonstrar a aplicabilidade da formulagcio em problemas do MEC, seja o problema de uma
placa com [uro no centro, uniformemente tracionada, como mosira a Fig. 14,

1,0Kg/m
T T T T T T 11010

7 . =
%
L
7
f,ﬁ
2?
?
1t
Z4w
) :
0 0 [ [ [ A a A [ LY
( ) )’ A W, S

Fig. 14 Exemplo 2. Raio do Furo: 1m

A discretizagdo do furo deve ser feita com muito cuidado. Sendo o furo circular ¢ o elemento
quadratico. hd uma pequena diferenca entre as duas curvas, e se ndo hd uma boa avaliagio, podem se
introduzir erros devido a ndo continuidade da normal entre as curvas. Especialmente importante é a
manutengdo do angulo de 90° junto &s extremidades. Aplicando a formulagdo e colocando uma
tolerancia de 0,001 chega-se & necessidade de se colocar tres elementos quadriticos de tamanhos
diferentes para representar a regido do furo, conforme se ilustra na Fig. 15.b. Repare-se que a utilizac¢io
de dois elementos de menor tamanho nas extremidades, deve-se ao fato de se querer preservar o ngulo
de 90°. Na Figura 15.a mostra-se como seria a aproximagdo com um elemento quadrdtico. Nota-se a
diferenga entre as curvas.
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B 1 Aprowiragio
iy, e com3 ngoon
Pl quadritica 0.8 -
0.6 \\ 0.6 |
0.4 0.4 -
\
\
0.2 0.2 4 x
8 - 0 - : —— =3
] 0.2 04 065 0B 1 ] 6.2 04 BE 0.8 1

Fig. 15(a) Aproximagéo com um Elemento Quadritico e (b) Trés Elementos Distribuidos de Maneira Nao
Uniforme

A seguir na Fig. 16 mostra-se uma comparagdo da solugdo (Pessolani (1996)) do MEC para 75
elementos quadréticos coma malhas idénticas, mas tomando como base as discretizagdes das Fig. 15(a)
e 15(b) para a regido do furo. Repare-se que a utilizagho da discretizagéo recomendada pela formulagéo
conduz & uma maior precisdo da resposta.

Valores da Forga de superficie Y na regido
do fure

4 3.45 (Disc, da Fig. 16 a)

é Erro 156%

o 3.05 (Disc. da lig. 16 b) Erro
ol B

Valor Tedrico = 3,uC

1 t
1 1,5 2

_“

Fig. 16 Comparacéo entre a Solugéo com a Discretizagio do Furo Tomando como Base a Fig. 16(b), e a Linha
Mals Fina a com a Discretizagéo do Furo Tomando como Base a Fig. 16(a).

Concluséo

O Méiodo dos Elementos de Contorno € bastante sensivel a uma mé representagdo de cantos.
Atalmente existem técnicas muito simples e precisas para lidar com o problema, ji sobejamente
conhecidas pela comunidade que trabalha no assunto. Entretanto, a questio de pequenos ingulos
inexistentes introduzidos pela discretizag@io com elementos Lagrangeanos ndo tem sido suficientemente
explorada. Em geral, as discretizagdes sdo verificadas por inspegdio visual, ndo havendo nenhum
procedimento matematico padronizado que indique se a discretizagdo € suficiente.

Neste artigo um procedimento simples foi proposto, ficil de automatizar e que se aplica &
aproximagio de qualquer curva por meio de um conjunto de elementos Lagrangeanos.
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Em particular, foi mostrado um pré-processador geométrico, que transforma uma curva b-spline em
um conjunto de elementos quadraticos.

O exemplo analisado evidenciou a simplicidade, eficdcia e aplicabilidade do indicador proposta,

Como sugestdo para aprimoramentos, seria interessante ter algum controle, como por exemplo a
medida da drea entre as curvas, que parasse as iteragdes no momento em que o tamanho do elemento
for muilo pequeno relativamente aos demais, Isto seria util para evitar erros numéricos no MEC devido
a0 mau condicionamento do sistema de equacoes ou ao calculo das integrais de contorno.
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Abstract

fnielligent control techniques, such as fuzzy logic. neural network and genetic algorithm are recently showing a lot
of promise in the application of various engineering systems. The paper describes the control strategy development,
design and experimental performance evaluation of a fuzzy logic based variable speed wind generation sysiem that
uses cage tvpe induction generator and double-sided PWM converters. The system can feed a utility grid maintaining
unitv power factor at all conditions, or can supply to an autonomous load. The fuzzy logic based control of the
svstem helps to optimize the efficiency and enhance the performance. A complete 3.5 kW generation system has been
developed, designed and thoroughly evaluated by laboratory tests in order to validate the predicted performance
improvements. The system gives excellent performance, and can easily be translated to a larger size in the field.
Keywords: Wind Generation, Fuzzy Control, Vertical Axis Turbine, fntelligent Control.

Introduction

A wind electrical generation systern i the most cost-competitive of all the environmentally clean
and safe renewable energy sources in the world. Of course, the installation of wind powered electrical
systems depends on the local wind resources. its availability is somewhat statistical in nature and must
be supplemented by additional sources to supply the demand curve. Wind systems are also competitive
with fossil fuel generated power, and much cheaper than nuclear power. Although the history of wind
power goes back more than two centuries, its potential to generate electrical power began to get
attention from the beginning of this century. During the last two decades, wind power has been
seriously considered 1o supplement the power generation by fossil fuel and nuclear methods. In recent
years, wind power is gaining more acceptance because of environmental and safety problems of
conventional power plants and advancement of wind electric generation technology. The world has
enormous resources of wind power; it has been estimated that even if 10% of raw wind potential could
be put to use, all the electricity needs of the world would be met (Ewea, 1991). There are currently over
1700 MW of wind generators installed worldwide with generation of 6 billion kWh of energy annually.
the generation will grow up to 60 billion kWh by the year 2000.

Traditionally, wind generation systems used variable pitch constant speed wind murbines (horizontal
or vertical axis) that were coupled to squirrel cage induction generators or wound-field synchronous
generators and fed power to utility grids or autonomous loads, The recent evolution of power
semiconductors and variable frequency drives technology has aided the acceptance of variable speed
generation systems. In spite of the additional cost of power electronics and control, the total energy
capture in a variable speed wind turbine (VSWT) system is larger and, therefore, the life-cycle cost is
lower. The following generator-converter systems have been popularly used:

» Doubly fed induction generator with cascaded converter slip power recovery;
* Doubly fed induction generator with cycloconverter slip power recovery;
¢ Synchronous generator with line-commutated and load-commutated thyristor converters.

In addition to the above schemes, squirrel cage generators with shunt passive or active VAR (volt
ampere reactive) generators have been proposed which generate constant voltage constant frequency
power through a diode rectifier and line-commutated thyristor inverter, variable reluctance machines
and doubly stator-fed induction machines have also been proposed in wind generation systems, The
major problems in such traditional power conversion schemes are the poor line power factor and
harmonic distortion in line and machine currents. The recent TEEE Standard 519 severely restrict 1o line
harmonic injection. Therefore, to satisfy the stringent harmonic standard and poor power factor
problem, active type VAR and harmonic compensators can be installed with large additional cost.
Manuscript received. Augus! 1996, Technical Editor: Agenar de Toledo Fleury
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Again, the conventional control principles used in these systems make the response sluggish and give
non-optimum performance. Double-sided pulse width modulated (PWM) converter system has been
proposed in order to overcome some of the above problems (Sukegawa, 1991),

There are several types of wind turbine designs which are usually classified in (1) horizontal-axis,
somewhat similar to the “"Dutch”™ windmills, because the rotor spins around a horizontal axis, and in (2)
vertical-axis, where the most common is the “Darrieus” configuration, shown in Fig. 1. Unlike
conventional wind turbines, which must be reoriented as the wind changes direction, vertical-axis wind
turbines are omnidirectional, Their vertical axis of rotation also permits placing the drivetrain at the
bottom so as to transmit power directly to the ground level and much easier to service. Despite their
advantages, Darrieus rotors have inherent characteristics that have been discouraging a widespread use.
There are alternated tensions on the blades, with torque pulsations, leading to fatigue of the turbine
material. Such pulsations also cause dynamic instabilities for the control system. The turbine is not self-
starting and the power electronics system must be able to motor up the turbine to the operating speed.
During the past few years, there has been a lot of technological advances that might bring Darrieus
turbines to the public attention again. There are new materials for mechanical design, like CFRP
(carbon fiber reinforced polymer) and GFRP (glass fiber reinforced polymer), and several sort of
polyester fibers for strength reinforcement. Today. the power electronic systems are much more
efficient, and able to smoothly vary the generator speed. Very fast microprocessor systems allow the
implementation of new control techniques, which can be'used for oplimization und enhancement of the
control system.

Fig,1 Vertical-Axis Wind Turbine

This paper describes a variable speed wind generation system with squirrel cage induction generator
and double-sided PWM converters, where fuzzy logic based intelligent control has been used
extensively to optimize efficiency and to enhance the system performance. An extensive simulation
study. in the beginning, validated all the control algorithms. Finally. a 3.5 kW laboratory drive system
was designed and tested to evaluate the performance,

Power Circuit and Control Strategy

A qualitative explanation of the block diagram in Fig. 2 is given here in order to show the functions
for the power circuit and the control system. The turbine (vertical type) is coupled to the induction
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generator through a speed-up gear ratio, The variable frequency variable voltage power generated by
the machine is rectified to dc by an IGBT PWM bridge rectifier that also supplies lagging excitation
current to the machine. The de link power is inverted to 60 Hz, 220 V ac through a IGBT PWM inverter
and fed to utility grid at unity power factor, as indicated. The line power factor can also be programmed
to be leading or lagging for static VAR compensation, if desired. The generator speed is controlled by
mdirect vector control with torque control and synchronous current control in the inner loops (Bose,
1986). The machine flux is controlled in open loop by control of iy , current, but in normal condition,
the rotor flux is set to the rated value for fast transient response. The line-side converter is also vector-
controlled using direct vector control and synchronous current control in the inner loops (Sukegawa,
1991). The output power Py is controlled by the feedback loop of the dc link voltage V4 . Since
increase of P, causes decrease of V,, the voltage loop error polarity has been inverted. The tight
regulation of V, within a small tolerance band requires a feedforward power injection in the power
loop, as indicated. The insertion of filter inductance L, creates some coupling effect which is
eliminated by a decoupler in the synchronous current control loops. The system uses three fuzzy
controllers (FLC-1, FLC-2 and FLC-3) which will be explained later. The power can be controlled to
flow easily in either direction. A vertical wind turbine requires start-up motoring torque, as the speed
develops, the machine goes into generating mode. The machine can be shut down by regenerative
braking.
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Fuzzy Logic Control System

Neglecting losses in the system, the line power (ie., turbine power) with generator speed at
different wind velocity can be given by the curves in Fig. 3. If, for example, the wind velocity is at a
certain level. the maximum output power will be at the peak value for that conditions, but if the wind
velocity changes to another level, the generator speed must be changed in order to correspondly track
the maximum power point i.e., maximize the turbine aerodynamic efficiency. This control function is
performed by the fuzzy controller FLC-1 based on real time search. Since the wind velocity is
unknown (no anemometers are used), FLC-1 changes the generator speed incrementally and observes
the power P, . By searching operation, it settles down to the optimum generator speed condition. Figure
4 shows the block diagram of fuzzy controller FLC-1.

With incrementation (or decrementation) of speed, the corresponding incrementation (or
decrementation) of output power P, is estimated. 1f AP, is positive with the last positive variation of
generator speed (Aw, ), the search is continued in the same direction. If, on the other hand, +Awm, "
causes —AP, , the direction of search is reversed. The speed oscillates with small increment when it
reaches the optimum condition. The variables AP, (variation of power), Aw, " (variation of speed) and
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variation of speed) are described by triangular membership functions shown in Fig. 5, and the control
laws are given by the rule matrix in Table 1. A Lypical rule reads as:

IF AP, is PM (positive medium) AND LAw, " is P (positive}) THEN Aa," is PM (positive medium)

TURBINE TOROUE

ET
E].R\“E.‘l FOR INCREASING
‘WIND SPEED

TURAINE ROTAT IONAL SPEED

Fig.3 A Typical Family of Torque/Speed Curves for a Fixed Pitch Wind Turbine
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Fig.4 Block Diagram of Fuzzy Controller FLC-1
Table 1 Rule Matrix for Fuzzy Controller FLC-1

LA®® py
ZE N
APDEPU}

PVB PVB PVB NVB
PB PB PVB NB
PM PM FB MM
PS PS PM NS
ZE ZE ZE ZE
NS NS NM P&
NM NM NB PM
NB NB NVB PB

NVB NVB NVB PVB

The membership functions for AP, and Aw,  are asymmetrical, giving more sensitivity as the
variables approach the zero value. Note that at any instant, more than one (at the most four) rule will be
valid. In the implementation of fuzzy control, the input variables are fuzzified, the valid control rules
are evaluated and comb1nc¢ and finally the output is defuzzified to convert to the crispy value. The
fuzzy controller output A, signal values are accumulated to generate the actual speed command
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signal. The output Am, " is added to some amount of LA, signal in order to avoid local minima due
to wind vortex and torque ripple. The controller operates on per-unit basis so that the response is
insensitive to system variables and the algorithm is universal to any system. The scale factors KPO and
KWR. shown in Fig. 4, are function of generator speed so that the control becomes somewhat
insensitive 1o speed variation. The whole tuzzy controller is designed from the heuristic knowledge of
the system. It is extensively iterated by system simulation study and then fine-tuned by
experimentation. The advantages of fuzzy control in this case are: (1) it provides adaptively decreasing
step size in the search that leads to fast convergence, (2) the controller will accept noisy and inaccurate
signals, (3) it does not need wind velocity information. and (4) the system parameter variation does not
affect the search, The turbine-generator can be looked upon as the inverse of a motor-blower system
where the generated power is given by the equation of cubic relation of speed (P, = K, ' ). Therefore,
the generator is running at light load most of the time with variable wind speed. At light load, the rotor
flux can be reduced from the rated value to decrease the excessive core loss and thereby improving the
efficiency of the machine-converter system, The efficiency optimization can be done on the basis of on-
line search of rotor flux (Kirschen, 1984) and it is implemented here by fuzzy centroller FLC-2 which is
described in (Sousa, 1995). At a certain steady state wind velocity V, and at the corresponding
optimum speed @, established by the controller FLC-1, the rated rotor flux is reduced by decreasing
the excitation current iy ;. This causes the increase of the torque component of current (i, .) by the
speed loop for the same developed torque, As the flux is decreased, the machine iron loss decreases
with the attendant increase of copper loss. However, the total converter-machine system loss decreases,
resulting in an increase of total generated power P, . The search is continued until the system settles
down at the maximum power point. Any attempt to search beyond will force the controller to return to
the maximum power point. It has been shown that efficiency improvement as much as 10%-15% is
possible by the fuzzy controller FLC-2. The principle of FLC-2 is somewhat similar to that of FLC-1
and it starts when FLC-1 has completed its search at the rated flux condition, Figure 6 explains the
block diagram of FLC-2. The membership functions of the input and output variables and the rule table
are not shown. The system output power P, (k) is sampled and compared with the previous value to
determine the increment AP, . In addition. the last excitation current decrement (LAi,, " ) is reviewed.
On these basis, the decrement step of 1., 15 generated through fuzzy inference and defuzzification.
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As before, FL.C-2 handles the signals in per-unit basis and the scale factors KP and KIDS are given
by the linear equations as follows:

KP=aw, +b (1

KiDS=cw, — T, +¢3 (2)

where a, b, ¢, . ¢, and ¢, are constants and T, is the estimated torque. The FLC-2 control will induce
pulsating torque (Sousa, 1995) in the generator shaft but it will be highly attenuated by the torque
control loop and the fuzzy controller FLC-3, which will be explained later. If the wind velocity changes
during or at the end of FLC-2, FLC-2 control is abandoned, the rated flux is established, and the control
returns to FLC-1 in steady state,

[0}
il KIDS
SCALING
T FACTORS Kp
: p| COMPUTATION
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INFERENCE AND
DEFUZZIFICATION

[z]

LAt

Fig. 6 Block Diagram of Fuzzy Controller FLC-2

As indicated in Fig. 2, the generator speed control loop uses fuzzy controller FLC-3 to get robust
performance against turbine oscillatory torque, effect of wind vortex and pulsating torque induced by
FLC-2. There is also the possibility of mechanical resonance of turbine-generator system in the absence
of robust control, All the disturbance torque components are essentially modulated inversely so that
their effect on the system is minimal. With fuzzy control, the speed control loop also gives deadbeat
response (Sousa, 1994) when the speed command is changed. The block diagram of FLC-3 is shown in
Fig. 7. and the corresponding rule matrix is given in Table 2. The membership functions of the fuzzy
varigbles are not shown. The fuzzy control is essentially a proportional-integral (PI) control where the
gain factors are nonlinear and are adaptively controlled to get the robust response. The speed loop error
(Ew, ) and the error change (AEw, ) signals are converted to per-unit signals by the constant scale factors
Ke and K: ¢ . respectively, and then processed through fuzzy control to generate the signal AT, * (p y |,
as indicated. It is then multiplied by the constant scale factor K; and accumulated to generate the
torque command signal T. * . A typical control rule can be read as

1 F error Ew,,,., is PS (positive small) A N D change in error AEw,,,., i 8 PM (positive
medium) T H E N the torque increment AT.= ,,, is PL (positive large)

The membership functions of the fuzzy variables and the rule matrix were extensively iterated by
simulation study untl the performance was best,
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Fig. 7 Block Diagram of Fuzzy Controller FLC-3

Table 2 Rule Matrix for FLC-3

Eay
NVL NL NM NS ZE PS PM PL PVL
AEuwy,
NVL NVL
NL NL
NM ; ) NM
NS i NS
ZE ; NM NS =
PS NL NM NS ZE PS
PM NM NS ZE PS PM
PL NS ZE PS PM PL
PVL ZE PS PM PL PVL

Coordination of System Control

The system has a complex start-up, control sequencing and shut-down operations, as indicated by
the diagram of Fig. 8. As the wind velocity develops beyond a threshold value, the system goes through
start-up procedure as follows:

= Close the line circuit breaker, The dc link capacitor charges through the diode rectifier that is
integral with the line-side converter and a series resistor, which is by-passed when the capacitor is
fully charged.

# Start the machine-side converter and build the rated flux in the machine.

e Start the turbine-generator in speed control mode with the fuzzy controller FLC-3. As the
generated power flows in the de link, its voltage begins to rise. The fuzzy controller FLC-3, from
now on, operates all the time until the system is shut down.

* As the de link voltage V, reaches beyond the threshold value, the line-side converter is enabled
and the de voltage control loop is activated.

After the start-up sequence, as the system tends to attain steady state condition (|AP,| < €), the fuzzy
controller FLC-1 is activated. The generator speed gradually builds up until the maximum power is
generated for the given wind velocity condition. If the wind velocity changes slowly, the generator
speed tracks it due to the FLC-1 control. When the FLC-1 control reaches the steady state, as indicated
by small oscillation of w, about the optimum Py point, the control is transitioned to FLC-2 mode. At
steady state of FLC-2, the current iy oscillates about the maximum power point. If wind velocity
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changes in either control mode, as indicated by large increment (or decrement) of power AP, , or there
is a corresponding increment (or decrement) of torque AT.* , the control transfers to non-fuzzy
operation mode with the rated machine flux, as indicated in the figure. When steady state wind velocity
is reached in non-fuzzy mode (IAP; | <€, ), the control is sequenced through FLC-1 and FLC-2 modes,
respectively. If fault is developed during any operation, or the generation system is to be stopped, the
shut-down mode is activated. Note that if the line side converter is tripped, a dynamic brake (chopper
with load resistor) is switched into the de link to limit the de voltage within the safe range.

-Keep w.'_
*Enable FLC.2
*Disable FLC-|

sAny fault

Fig. 8 Control Sequencing Diagram

Development of Hardware and Software

As mentioned before, a complete 3.5 kW laboratory breadboard wind generation system was
designed to validate all the control laws before building the 200 kW field prototype. For field
application, the converter-machine system is to be scaled up, but the control hardware and software
remain the same. The control hardware and software for the project are quite complex and the detailed
description is beyond the scope of this paper. Basically, the control hardware is based on two Texas
Instruments TMS320C30 type digital signal processor boards which are placed in the PC slots with the
VO hardware (Simdes, 1996). The 32-bit floating point DSP has 60 nsec instruction cycle time, and the
advarlage of floating point computation is that no scaling is needed. The multi-tasking software,
principally based on C language, is strategically distributed between the two DSPs. The system control
parameters are transported between the two DSPs using the two independently working serial ports.
The system uses a PWM chip that is basically a hybrid ASIC that incorporates dedicated digital
hardware and RISC microprocessor. It receives the voltage commands from the synchronous current
control loops, vector rotates into stationary d’-q* frame with the help of vector angle information,
converts the signals into a-b-c frame, and finally sinusoidally modulated PWM signals are generated for
gating the bridge converter, The lock-out time, device switching times and current polarity signals for
elimination of waveform distortion can be programmed in the chip. Since a wind turbine could not be
available in laboratory, it was simulated in real time in DSP by solving the wrbine model given on Fig.
9 (Simdes, 1997).
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Fig. 9 Turbine Model Based Dynamometer

By giving command of wind velocity V, (a software variable), and knowing the generator speed
@, , the equations are solved to generate the turbine torque Ty, - (= Ty + To s ¢ ). This signal is fed to a
7.5 hp four-quadrant laboratory dynamometer through a D/A converter. The dynamometer generates
this programmable torque on the shaft of the generator under test; the wind turbine inertia was not
considered on the model, because it would lead to extremely slow responses, not practical for the
laboratory implementation. The system inertia is the one actually present on the machine plus the
dynamometer shaft.

Experimental Study

Figure 10 shows the experimental set-up used to validate the controls. The converters were built
using POWEREX IGBT intelligent power modules type PMS0RSA060. Basically, it is a six-pack plus
brake hybrid module incorporating the gate drive and protection circuitry, and has the ratings of 600 V,
50 A (inverter peak current). The induction machine was an ordinary NEMA Class B type with 220V,

ISOLATION 3-PHASE
TRANSFORMER  GRID

L5, e

335kW MACHINE | |» LINE 500 ut =
SIDE A4 W0Vl  SIDE
20V,

T INVERTER INVERTER

Fig. 10 Experimental Set-Up Used to Validate the Controls

3.5 hp rating. The dc link voltage was designed to be 300 V considering the voltage rating constraint of
the IGBTSs. Since the line-side converter has to always run in PWM (step-down) mode, the ac line
voltage was appropriately reduced by a transformer. A 7.5 hp four-quadrant laboratory dynamometer
was used to emulate the wind turbine (programmable shaft torque), as mentioned before. Figure 1
shows the static characteristics of the wind turbine at different wind velocity where the turbine
oscillatory torque components were intentionally suppressed. Basically, these are families of curves for
turbine output power, turbine torque and line-side output power as function of wind velocity and sets of
wind velocities. For example, for a fixed wind velocity, as the generator speed increases, the torque and
power outputs first increase and then decrease. If the generator speed remains constant and the wind
velocity increases, the turbine power, turbine torque and line power will increase and then will tend to
saturate, The slope of increase is higher with higher generator speed. The fuzzy controllers were fine-
tuned during experimentation. Figure 12 shows the performance of the system with FLC-1, FLC-2, and
FLC-3 when the wind velocity is ramped up and down. The turbine was modeled with oscillatory
torque and some turbulence was added with the wind velocity to verify the robustness of controller
FLC-3. As the generator speed is increased by FLC-1, the line output power gradually increases, but the
line power indicates some dips which require explanation. As generator speed command is incremented
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by FLC-1, the machine accelerates to the desired speed with the power extracted from the turbine
output power. As a resull, line power temporarily sags until boosted by the trbine power at steady
state. With a large increment of speed command, the direction of Py can even reverse. In order to
prevent such conditions, the maximum speed command increment was limited to a reasonably small
value (75 RPM) (that increases the search time) and had a ramp shape. The slope of the ramp can be
adjusted to control the power dips. Note that the speed command decrement will have an opposite
effect; i.e.. the generator tends to decelerate, giving bumps in the output power. In order to test the
robustness of the fuzzy speed controller FLC-3, the oscillatory torque components were added to the
dynamometer wind turbine model. Figure 13 shows the smooth speed profile (top) at 900 rpm with
oscillatory torque (bottom) that swings from 4,35 Nm to 5.65 Nm with average value of 5 Nm. The
additional pulsating torque introduced by FLC-2 is also highly attenuated by the FLC-3 controller.
Nexl, the turbine-generator system was operated at constant speed (940 rpm) and the wind velocity was
varied. At each operating point, the FLC-1 and FLC-2 controllers were operated in sequence and the
corresponding boost of power was observed. From these data, the respective efficiency improvement
was calculated and plotted in Table 3. The table indicates that the efficiency gain is significant with
FLC-1 control compared to that of FLC-2. The gain due to FLC-1 falls to zero near 0.7 pu wind
velocity where the generator speed is optimum for that wind velocity, and then rises. The gain due to
FLC-2 decreases as the wind velocity increases because of higher generator loading. During all the
operation modes, the line current was sinusoidal with unity power factor, as shown in Fig. 14. The out-
of-phase current wave indicates that the system is in generation mode.
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Fig. 11 Wind Turbine Static Characteristics {a) Turbine Power, (b) Turbine Torque, (c) Line Power
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Fig. 14 Line Side Voitage and Current Waves Showing Unity Power Factor Operation
Table3 Power Enhancement Due to Fuzzy Logic Control
Wind Powerfor A Py A Po Efficiency  Efficiency Total Average Average Total
Velocity fixedw ,* dueto due to due to due to efficiency efficiency efficiency average
(pu) (0575 pu) FLC-1 FLC-2 (pu) FLC-1(%) FLC-2 (%) due to due to dueto efficiency
(pu) fuzzy  FLC-1 (%) FLC-2 (%) (%)
control (%)
0.5300 0.0581 0.0626  0.0343 107.67 28,45 136,12
0.5691 0.1250 0.0980 0.04686 79.25 20.81 100.06
0.6083 01740 00893  0.03%0 51.36 14.82 66.18
0.6475 0.2383 0.0643 0.0321 27.01 10.63 37.84
0,6868 0.2941 0.0269  0.0250 917 7.78 16.95
0.7258 03302 00024 0.0193 073 5.81 6.54 35.525 8.616 44 141
0.7650 0.3604 0.0064 0.0183 177 5.00 6.77
0.8041 0.4330 0.0399 0.0151 .21 3,20 12.41
08433 04500 0.0890 0.0145 18.78 2.69 22.47
0.8825 05000 0.1522 0.0132 30.44 2.02 3248
0.9216 0.5300 0.2135 0.0124 40.28 1.67 41.95
09608 06250  0.3099  0.0041 49.58 0,44 50.02
Conclusion

A complete fuzzy logic based 3.5 kW variable speed wind generation system has been designed and
the performance was evaluated thoroughly in laboratory. The power circuit was based on induction
generator and double-sided IGBT PWM converters, and the control hardware was based on dual
TMS320C30 DSPs, The system uses three fuzzy controllers: a controller that tracks the generator speed
with the varying wind velocity to optimize the turbine aerodynamic efficiency, the second controller
programs the machine flux at light load to optimize the generator-converter system efficiency, and the
third controller gives robust performance of the generator speed control system. The advantages of the
fuzzy control are that the control algorithms are universal, give fast convergence, parameter insensitive
and they accept noisy and inaccurate signals. The performance of the system was found to be excellent
with all the controls. A higher power unit for field installation can use the same controller as long as the

power circuit rating is boosted,
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Abstract

The Floating Production Storage and Offloading System (FPSO's) is @ modern concept for floating offshore oil
exploration units, moored in deep water. ‘Turret' and 'Mono-Buoys' are similar types of Single Point Mooring
systems (SPM) envisaged for the stationkeeping task. Neverthless, the highly non-linear dynamic nature of this kind
of system may give rise to a rich behaviour scenario that may comprise from simple pitchfork point equilibrium
bifurcations to Hopf bifurcations (limit cyeles), or even chaotic regimes. Standard linearised stability analysis may
be not sufficienr anymore ta deal with the design problem., Bifurcarion theory and modern system dvnamics form then
a praper thearetical basis for the analysis. This paper addresses the stability problem and discusses a number of
interesting dvnamic behaviors that arise in steady current. A self-excited autonomous and dissipative non-linear
system of equations governs the system dynamics. A classical ‘hydrodynamic derivatives' model form the core for
hyvdrodynamic forces description. Following Papoulias and Bernitsas (1988), some classical results on the stabiliry
problem are recovered, Then, reinterpresing the equilibrium analysis, it is also shown thar bifurcation theory enables
one not only 1o predict but also to qualify equitibrium pitchfork bifurcation scenarios, if super- or sub-critical. It
is shown thar the algebraic sign of the third-order derivative of the lateral force with respect to the lateral
component of relative velocity governs the tvpe of bifurcation scenario. When super-critical pitchfork bifurcation
scenario is present a condition for structural stability loss is established and discussed, Hopf bifurcations (limit
cyeles) are also presented and discussed.

Keywords: Svstem Dynamics, Bifurcation Theory, Mooring Svstem

Introduction

The Floating Production Storage and Offloading System (FPSO’s) is a modern concept for floating
offshore oil exploration units, moored in deep water. A tanker is moored offshore and oil is stored
before being transported by shuttle tankers that periodically are connected to the mother ship in a
tandem formation. The vessels are subject to the environmental loads, due to the concomitant action of
ocean currents, waves and wind. Single Point Mooring (SPM) systems are alternatives to conventional
spread systems, envisaged for the stationkeeping task. The primer motivation of such systems is 1o
allow the ship to be aligned with the ‘resultant’ of the environmental forces, diminishing motions and
structural loads on the mooring lines, hawsers (the cable through which the ship is attached to the
mono-buoy) and risers.

The conventional SPM system is a mooring system composed by a mono-buoy, moored to the sea
bed by means of cables and chains and to which the FPSO, a specially converted tanker, is attached
through a *hawser cable’. Not only the length but also the elastic characteristics of the cable and the
attachement point position are important control parameters, concerning the stability and the dynamics
of the system. In this paper we shall refer to mono-buoy systems (or ‘hawser cable’ systems) symply as
SPM.

The *Turret’ type is a special kind of single point mooring sysiem composed by a huge bearing
system, fixed directly to the ship, the hawser cable being eliminated, and moored to the sea-bed, as
shown in Fig, 1.

If wind and waves actions are not considered and if ocean current is taken as steady, a self-excited
autonomous non-linear system of ordinary differential equations can be shown to govern the system
dynamics. The highly non-linear dynamic nature of this kind of system gives rise to a rich behaviour
scenario that may comprise from simple pitchfork point equilibrium bifurcations to Hopf bifurcations
(limit cycles), or even chaotic regims. Bifurcation theory and modern system dynamics may form a
proper theoretical basis for the analysis, although standard linearised stability analysis remains suitable
for preliminary design purposes.

Manuscript received: August 1996. Technical Editor. Agenor de Toledo Fleury
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Fig. 1 FPSO Moored at a ‘Turret’ System With a Shuttle Tanker in Tandem Formation (Cortesia: Orcina Cable
Protection)

Under the bifurcation theory approach some research work has been done in this subject, primarily
motivated by a close-related problem of a towed ship in either a straigth course or maneuvering in a
port site, Bernitsas and Kekridis (1985) treat the towed-ship problem. Papoulias and Bernitsas (1988)
take the single point mooring problem into attention. Recently, Bernitsas and Garza-Rios (1995) have
studied the dynamics of some offshore spread but slacken mooring systems, that exhibit the same sort
of dynamic behavior. Under such an approach the general equation of motion is derived on a
“hydrodynamic derivative” model basis, in which the hydrodynamic forces due to the relative motion
with respect to the water are represented through Taylor series expansions given in terms of relative
velocity components.

Following Papoulias and Bernitsas (1988) this paper recovers and enlarges the analysis, addressing
the stability problem again and discussing a number of interesting dynamic behaviors that arise for a
‘Turret’or a SPM in steady current. Under a third-order model of the “hydrodynamic derivatives” type,
it is shown that bifurcation theory enables one not only to predict but also to qualify point equilibrium
instability. Two excludent pitchfork bifurcation scenarios are shown to exist: sub- and super-critical.
As well known, the position of mooring line attachement at the ship is the control parameter governing
equilibria bifurcation. It is also shown, in this paper, that this parameter can be responsible for a loss of
structural stability of the system, switching bifurcation scenarios, whose type is controled primarily by
the ‘hydrodynamic derivatives' coefficients, The sign of the third derivative of the lateral force with
respect to the lateral velocity, for instance, is shown to govern the type of bifurcation scenario that
would appear. The occurrence of Hopf bifurcations (limit cycles) are also exemplified and discussed.

The Governing Equations

We follow closely Papoulias and Bernitsas (1988). A classical “hydrodynamic derivatives model”,
extracted from maneuvering theory, see, e.g., Abkowitz (1972), is used in order Lo simulate the action
of the relative current on the ship. Waves and wind are not considered in the present paper, neither are
the hydrodynamic forces acting directly on the mooring lines of the “Turret’, for instance. It is also out
of the scope of the present work to discuss the pertinence of this type of hydrodynamic model,
although, as we shall show, the stability and dynamic scenarios are strongly dependent on the
hydrodynamic coefficients. A number of alternative approachs does exist; see e.g., Faltinsen et al.,
(1979) and Whichers (1988). However, we are primarily interested in discussing the stability problem,
rather than the robustness of the hydrodynamic model, at least at the present moment.

Let, then Oxyz be a rigth-handed fixed reference frame, x being oriented in the opposite sense of
the current velocity vector and z pointing upwards. Let GXY be a coordinate system attached to the
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floating unit, where G is the center of mass, X being oriented towards the bow. We restrict ourselves to
the motion in the horizontal plane.Let be, also,

u, v - the relative velocity components of G with respect to the water, in the AX ¢ AY directions,
respectively;

v the yaw angle (xGX)
X, ¥ ¢ the relative velocity components of G with respect to the fixed frame;

P the point of mooring;
U @ the current velocity intensity:
X, ¢ thedistance GP:
I : the distance OP, where O is the fixed point where the hawser is attached (SPM case);
m  : the floating unit mass;
I, : the moment of inertia with respect to GZ;
T : the tension in the cable (SPM case) or the mooring restoring foree (‘turret” case).
+N,r X
Y b U
L —
¥ W, n——
4
A
¥ X
X 0
¥ L
Fig.2 Reference Frames and Geometric Definitions
Being v  the velocity vector of G we have:
v=(ucosy—vseny —U i+(useny +vcosy Jj (1

or else,

X=ucosy —vseny —U

o (2)

y=useny +veosy

For further reference, we also write the inverse form of (2).

u=(x+U )Jcosy + yseny _
(3)

v=—x+U )seny + ycosy
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Let also, by definition.

r=vy (4)

and the following geometrical relations (see Fig. 2)

Ww=y+y (5)
-’3 :q"}=+xp .ienw)2+(x+xpcosw}2 (6)
I
Seny =7( y4xseny ) 7
I
cosy = —?q‘ x+x,cosy) (8)

noticing that (5), (7) and (8) are strictly valid only for / # (0, being y not defined for I=0.

The acceleration of the center of mass, with respect to an inertial reference frame, but written in the
vessel's frame, reads a ={u—vr)JI+{v+ur ).

The equations of motions are then written,

A+ AP vr+ Teos@+ Xiuv,r)= m(:i —vk)
A - AMur— AP T senw+ Y(u,v.r )= m{y +uy) (9)

LAjjf—A32f11‘+h‘rJ+ N{u,v.rj—T.rF senw =177

where X(w.v,r), Y(u.v.r) e Nfwv,r) are velocity dependent hydrodynamic forces acting on the floating
unitand A™ is the added inertia tensor, symmetric by construction (see, Newman, 1978, e.g.).

The SPM Case
In the SPM case let 7. the tension in the cable, be given (Papoulias and Bernitsas, 1988) by

I -
7 =15P / 124, (10)
0 <t

where ¢, is the original length of the cable (unloaded) and »; the limit strength, being p and ¢
empirical constants. By defining the state vector

x=(u.‘l»,r.f.]-’.lﬁt)]I (1)
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Equations (10), (11) and (9) are transformed into a system of six first-order ordinary differential
equations (Papoulias and Bernitsas, 1988),

: /
X) = 77 (F‘rf X;,Xz.%3 )+ Tfﬂi"té +(m+ ;432 }X}Ij —.423.(32)
m+ A
. (I+A%)
X2 :izT(Fz(.r!,xz.xj J=Tsenxg—(m+ A" Jx;xj)
Ab‘
—T(F_qr.r,..rz..r_q J—Azj.t;.tj =Tx, sen x,;)
. A32 -
Xj=——r X, X3, %3 )+ (m+ - T se )
i 5 (Fg( Yy x5, %3 ) 4+(m+ A" )x;x; =T senxg (12)
(m+A%)
+ T(ij Xp.X3.%3)— A‘jl;‘l’_z = TXI, sen Iﬁ)
Xg =2y senxg —xycosxg +U cosxs + X, x5 5€n xg
3 !
Xi= —{x j Senxg +xp cosxy —U senag+x,x3 r.‘osx,,)
X
. /
Xg = X3 +— (.r, sen xg + x5 cosxg —U senxs +x,x; r:m'xd)
g
where D=(m+A* )1z +A™)-|A”) | and
l Bl 3
F;{,(;..l:,.\‘lg )= xu.'(! +5X‘m.r.a +B-X,mx; +m.x_;,r3
F. JTHE TR LV SR e I 13
2[.1’;..!2..13 I= w2 +g e X rx}'l'g repXy —MXpX3 (13)

3 ! 1
F_;{.t.;.x;;..t'_,‘ i) N‘..Xz +EN‘,‘.\,X}: + Nr,t_,\ +EN”,I:;

are the “generalized” hydrodynamic forces given in terms of the well known hydrodynamic derivatives,
up to third order, where we take the subscripts for partial derivatives, We notice that (12) is a nonlinear
dissipative and nutonomous dynamic system.

The ‘Turret’ Case

Another set of state variables, apropriate for the "Turret’ case, could be used instead. Let

x=(u.v.r.x.}nl;;)’ (14)

From (2), (3), (4). we get,
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3 ! 2
A= ————{F,u,.xz..t_; ,J+Tcmm+fm+.4‘2 Jxox; — Az“x‘;z]

m+A”

. {lz+A"
'l‘2=?TJ(F2fI!..(2..¥_; )—T."t’ﬂ(l}‘-{!ﬂ"i' Af’ )X;Xj]

21
A 2
-Tlﬂrx;..tz.x_,)—d X% —Tx, smw)
432

iy= —-—H—(Fﬂ,r;‘xz.xj J+(m+ Al Jxpxg -T.venm)

22
fm+A™ ) .
+——-—D—(F_¢|‘x;.xg..t_g )= Azjx;xg ~Tx, senw)
Xy =2)CO8xg = X7 Senxg —U
X5 =.X; senx; +X; €O3 Xg

Xg =X

with, ug'nitl. D={m+ ALt K !Z + A )_l‘_‘u) . and

X +arcsen[ 7

when >0, w=

when =0, (I )ZCU“‘.(_JJ

1"=J(x5 +.x, sen xg §s +{xy+x, cosxg ¥

Stability Analysis

Standard Linear Analysis

Let the governing equations be written

x=f{x}
If X is afixed point then,

fix)=0

X5+ X, senxg ]

(15)

if [x4 +x, m.t.t,,]<0

X5+ X, senxg .
x4 —arcsen f +m: if [x,,+x!,m.r(x5 J)EO (16)

(17

(18)

(19

Let &r)=x(r)—X be a perturbation around the fixed point. Then

E=AE , LeR® AeR®

(20)
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with
A=Df(x) 21)

being the Jacobian of f at X. From linear systems theory, asymptotic stability exists if all the
eigenvalues of A are in the complex left plane. We could use the Routh Hurwitz criterion, for
mstance, in order to determine the conditions under which this necessary and sufficient condition is
fully satisfied; see, e.g., Fernandes and Aratanha (1996).

For a given floating unit, being known the hydrodynamic coefficients, the control parameters for the
SPM case are (U.x,1,). For the ‘turret’ case (U.x, f§) are the parameters, where ffindicates a subset of
parameters characterizing the mooring restoring function. Besides changes in X, these parameters are
responsible for qualitative variations in the stability and in the dynamic behavior of the system. As we
have noticed before, we treat a nonlinear dissipative and autonomous dynamic system, in a hexa-
dimensional space. Therefore equilibrium bifurcations, Hopf bifurcations, and even chaotic regimes can
be expected. We should remember that nonlinear dissipative terms can lead to Hopf bifurcations,
making the system structurally unstable, as well as nonlinear, restoring forces to equilibrium
bifurcations. Different scenarios, where a number of atractors compete with each other, can lead to
chaos. We also notice that, in the SPM case the desirable equilibrium is obviously given by

X=(U001;00) (22)
where
. ! . i
b=l H[M]q P T_o]:« @3)
Spp Syp

is the stretched length of the cable in this position, whereas, in the ‘Turret’ case the desirable fixed point
15

Xx=(U00000) (24)

Equilibrium Bifurcations

We take U7 as invariant, The array of control parameters will be denoted by

f=txgdyf (25)

in the SPM case and hy

w=(x,.B) (26)

in the *Turret’ case. The dynamical system will be writen in the form

i=f(xu) . xeR® pe%R? (27)
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Supercritical Pitchfork Bifurcation
There is an obvious plane of symmetry, condition under which pitchfork bifurcations usually arise.

According to Papoulias and Bernitsas (1988). the equilibrium equation can be reduced to (see Appendix
A)

! T L
S(Now ~ XYy )7+ (N, —x, ¥, T =0 (28)

This equation can be rewritten in the form of a cubic equation in v

f(vA)=v — Ar=0 (29)
where, as defined in Papoulias and Bernitsas ( 1988),
(Ny—x,¥, )

A f—L (30)
( Ny — Xle-'vn' }

We should notice that this control parameter depends on a ratio between two diferences. Thus,
errors in evaluating the hydrodynamic coefficients can be highly amplified. At the bifurcation point
(¥9.Ag ) both

fiv.A)=0

2 o (31)
& Jl =—=C|
fe(v.A) =

must be satisfied. Then, from (31)

0
V= { (32)

2
and, from (31}, A=0. Therefore

(Vo.Ap )=(00) (33)
and hence, from (30)

N, -
Xpy = v (34)

v

that is the critical value below which supercritical pitchfork bifurcation occurrs.

On the other hand, taking ( x, y.¥ )= (0.0,0) in (3) we have the equilibrium values for the relative
velocity components given by

(35)
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After equilibrium bifurcation occurs, v = +y . and so,

Ji

SENY = +—— (36)
W U
gives the new eqyilibrium positions. If A is negative there is no real stable bifurcated solutions. Notice,
also. that A <U° must be satisfied, as well. 1n other words, at 7 = +7/2 structural stability is broken.
We shall rerurn to this point later on.

Structural Stability and Subcritical Pitchfork Bifurcation

The previous analysis, recovered from Papoulias and Bernitsas (1988), takes the hydrodynamic
derivatives given in terms of the relative velocity compenent v, defined by Eqs. (2) and (3), as usually
done in marine hydrodynamics. We can think of reconducting such a reasoning, but now in terms of the
heading angle w . perhaps enhancing our physical understanding. As a direct result, a condition for
stability loss concerning supercritical pitchfork equilibrium bifurcations is discussed, and a new type,
the subcritical one (or cathastrophic) appears vividly. For, taking (3). solved in terms of {w.v) we get,

&N _
dy
Y

=y

y

(37)

valid for afl states. If we assume (.; \) =(0,0) - usin a captive model experiment, where a restrained
small-scale model of the vessel is driven by a constant current velocity U, being measured the
hydrodynamic forces and moment ( X “/ ¥*“/_N'¢/) acting upon the model, from Eq. (3) we get'

=/ co Kot
u cosyr ‘ (38)
v=—t seny'c!

We can think of ( X”J,Y{‘-J.N“‘}}' as functions of y = wr“{ u,\rj-_—arclcm(— U/q!) and U/, such
that

A 1
ylel = Yr”! ol ) (39
N = N v )

Accordingly, with the use of (37), we get

ayr-‘-} 4 ayt'n-} aw :_iy”'-’

Yr'{‘J: i
; & oy & u

that, after (38) is used, reads

" The subseript ¢ stands for captive
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Y:” = —%Y;d (40)
Ucosy'™’

leading, as can be easily verified, to

3 i y
{c) — _ fe)
Hw' = U'? i wfr} YavW (@1)

Analogously,

!

N"_‘.'l 2 Nfl‘} [42)
' Ucosy's) ¥
and also,
NE = / Nio) (43)
v oy

U*? cos® w!

Equations (40)-(43) are valid (ml?a_undcr l‘_.‘.’) ={0,0}, ie.if (38) holds. Substituting (40)-(43) in
(28) it follows at equilibrium (g =y /(&0 7 )= /), that?

xp [ ¥y tany + éim wan’ v} = Nytany + %NW tan’ (44)

Notice that (44) is satisfied for any y . particularly at ¥ =0 and ¥ =, fixed points. For these
two fixed points we may have super- (as previously presented) or sub-critical pitchfork bifurcations.
But, as we shall see, confirming results presented in the last section, if super-critical pitchfork
bifurcation scenario exists, ¥ =+ /2 will be an unstable solution, leading to a former (locally) sub-
criticul bifurcation. when the dynamic system looses structural stability.

Firstly we shall restrict ourselves to a local analysis around g =u . Obviously, the same reasoning
cun be applied around w = as well, Equation (44) can then be writlen,

xp (X W+ g’r,wvj} = N+ éwmw-* as)
or else,

vi-AW=0 (46)
where

A& _5M (47)

* From now on, Y, = Yéri (w =g ) elc. are imphed.
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plays the role of the A parameter, previously defined. As before, Eq. (46) admits up to three roots

v=0

= (48)
v==1y Ac
Let, now, M{y ) be acubic restoring moment, such that

!
MW )= (X, Yy = Ny )+ W(xpYy =Ny ) (49)
and take a non-dissipative one-dimensional dynamic system (one degree of freedom)
g+ Moy =0 (50)

as representing our system around the considered fixed point. Equation (50) can be put in the form

gy -Awi=0 (51)
where
X, -N
7 pmﬂ vy (52)

541

Two possibilities doexist: (i) a>0;{ii) a<0.Let usanalyze the alternatives that appear:

5 W W et i Py 50
(i) If &>0;or, equivalently, ' F"’ W"": e T
(ia)if A, <0 LV S Ny g 1 Y <0
| a | ot

In this case ¥ =0 is the only fixed point, stuble, a center.

; two different situations arise:

As a>0, and r, <u always, so that, from (40), ly vy U >u odne cosy >, we then

have the following condition,

- N
x, > Ty Ny (53)
¥ %

(ib ) if A, >0, conversely, we then have,

=

v 4
Y, (54)

N
x,<—t=
Yy

In this case three are the fixed points,
¥ =0 :asaddle point (unstable, therefore)
W =+, :nodes (stable)
This situation corresponds to the super-critical bifurcation, previously studied.

- 44
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Xp < Ny Yy i 1 Yy >

(ii) If a=0;or equivalently. e /Y P

; again. two different situations

arise:
(ifia) If A, <0:
W =0 is the only fixed point, unstable, a saddle point.

As o <0, and, as mentioned before, ) </ always, so that, from (40), Yy =0 if U0 and
cosy =0, we then have valid the following condition.

N
<= i (55)
Y Y

"

(iib ) If A.>0, conversely. we then have,
X, >——= S {56)

In this case three are the fixed points,
W =0 :acenter (stable)

W= +1fl . : saddle points (unstable).

[

Notice that A =0 is a bifurcation point. therefore. The stability condition Xp > Nw/yw is a
necessary condition, either for o >0 or o <{ . This condition (53), is the same one that has been
previously achieved, (34). It is also the same necessary condition that emerges if the Routh-Hurwitz
criterion is applied to the linearised system, (see Fernandes, 1995).

If x,<N / ¥, and if a >0, the pitchfork bifurcation is of the .mpercriricaf (smooth) type,
whereas, if o < 0 |l 15 of the subcritical (cathastrophic) type. Notice that the sign of the third-order
derivarive ... thar under equilibrium hypotheses is related to Yoy @8 given by (41), controls the
bifurcation scenario, if super- or sub-critical.

Summarizing. stability around i =0 exists if the necessary condition (53) holds. Otherwise
(x, <N, /T, ) two bifurcation scenarios arise:

(i) «@=0: supercritical bifurcation and then a new equilibrium point is reached:
y =+JA, (local analysis);, seny = i—JU—I (global analysis});

(i1) a<0: subcritical bifurcation. The system would not reach, (smoothly) another point of
equilibrium. As a matter of fact, looking at the original equation, ¥ =& would be reached as
the new stable fixed point, of the center type.

Notice that. although somewhat simplified. the present analysis do consider terms up to the third-
order, retaining all the features of the system regarding equilibrium point stability analysis. This kind of
feature is unacessible under the Routh-Hurwitz criterion applied to the linearised equations. Notice also
that dissipation terms, not considered in this simplified analysis, will transform cenrers in stable foci.

Another important point is that, even when a supercritical (smooth) bifurcation occurs, there is a
limit \*.tlue for a stable bifurcated equilibrium, namely W =z+m/2. This corresponds to the condition
A=U? as already mentioned. Tn fact, (44) can be written in the form (50), with the restoring moment |
given as
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!
M“V)-:E'“"j'i’“pym = Nygy ) H1any(x,Y, =Ny ) (57)

Whenever y — +x/2 the restoring moment changes sign suddenly, tranforming itself into a
repulsive moment. Thus stability is broken at y — +7/2 and, usually ¥ =7 will be the new atractor
point. This is in fact a loss in the structural stability for the dynamic system, considering up to the thir
d-order hydrodynamic coefficients. Notice also that, from (40)-(43) in (30), and comparing it to (47),
that,

A=U?cos® YA (W) (58)

where the parameter lc is determined for w = from (47). The bifurcated equilibrium Eg. (36) can
then be transformed into

taniy = +A.(V) (59)

This equatiun together with the definition (47), shows clearly that, for each y =¥ , there is a

“turning point”, v, =x,,/ (Y )= ’NW /Yypy » concerning the loss of stability for supercritical

pitchfork bifurcations. Adéxuonaly ths orm has the advantage, if compared to (36), of being (at
least explicitly) independent of U, The abovc discussion will be clearly exemplified in the next section.

Figures 3 and 4 illustrate the present local analysis, where M(y ) is the restoring moment.

(ib)

M(W¥) M(¥)

Fig. 3 Pitchfork Bifurcation Diagram.
Supercritical Case: > 0, X, > Nyyw/Yyui Yoy > 0. Local Analysis Around ¥/ = 0.

(1B A <0 X > No/Yy = NVor (1L0) & o> 0: x5 < Ny/Yy = NJY,.
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(il &) (ii.b)

MC¥) M(¥)

W
@)
s
Y
i
=
.
A

Fig.4 Pitchfork Bifurcation Diagram.
Subcritical Case: @ < 0 X < My Yoy Yoye = 0. Local Analysis Around ¥/ = 0.

(iLa) e < 0: X, < NSY, = NY,. (ilb) A= 0; %, > NY, = N/Y..
Examples on Stability Analysis and Bifurcations

The Studied Cases And Their Hydrodynamic Derivatives

Two different tankers moored at either a SPM or a “Turret’ type systems have been taken. Table |
shows the particulars of these vessels. The characteristics of both the hawser cable, for the SPM case,
and the restoring mooring force function, for the “Turret’ case, are shown in Table 2. Table 3 presents
the nondimensional hydrodynamic derivatives, extracted, respectively from Takashina (1986) and
Bernitsas and Kekridis (1985). It should be noticed that the Takashina coefficients were obtatined by
means of captive model experiments. in either static drift tests at Froude number 0.066, or yaw
rotating tests (for four different constant yaw rates vy = » = constani ). It should also be pointed out that
Takashina's nondimensionalized parameters differ somewhat from Bernitsas and Kekridis, as shown in
Table B1, Appendix B. For comparison purposes Table 3 shows, for the Takashina tanker, the
nondimensional hydrodynamic derivatives in both forms, Notice, however, that equations of motions.
are invariant in form, under both nondimensionalization procedures, the velocity being always equal to
unity. Both have been considered as linear.

Table 1 Tankers Particulars
L ~ Tanker (1)  Tanker (2)

Length (Lbpp) (m) 270 325
Breadth (m) 448 .
Draft (m) 10.8 -
Displacement {m%) 90699 310669

Mass (1) 92967 318436
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Table2 Hawser Breaking Strength for the SPM and Restoring Force
Characteristics for the ‘Turret’ System

Hawser Bfea_king Turret System Restoring

Strength® Coefficient

S K

12200 kN 33.0kN/m
Dimensioniess (A} 8.0 6.0
Dimensionless (B) 0.2252 B 0.194

Table 3 Tankers' Dimensionless Parameters and Hydrodynamic Derivatives®

Tanker 1 Tanker 2
(A @ ®)
m 2.258 0.0903 0.0181
I 0.14112  0.00564 =
L +‘A rr = & 0.00222
) n 0050xm  0.004516  0.0009
A 0.650xm  0.05871 0.0171
AT 0.043xm  0.003884 :
4" ] i 0.0
An - 5 0.0
¥ -0.01 -0.0004 -0.003
y -0.286 00114  -0.0261
Y - : 0.00365
N, -0.030 00012  -0.0048
N, 00028  -0.00011  -0.0105
v 0894  -0.21456  -0.045
N, 0.0093  -0.002232  0.00611
N - : 0.00611

Stability, Bifurcations And Dynamic Behaviours

Consider the fixed point corresponding to ¥ = 0. The necessary condition for stability is given by

Eq. (33). If applied to tanker (1), irrespective if SPM or 'Turret’ cases are considered, we get x/L >
NSY, = 0.00258/0.285 = 0.009824, But, in the present case, Ny, /Y, = 0.0093/0.894 = 0.0104, and so

g 1

(g = 1.0; p=5.0); i.e., linear and 209 streching at rupture.
Only shown hydrodynamic derivatives actually used in the present time domain simulations.

Values according to Takashina (1986), and Table 2, column (A). Notice that in that paper the Taylor expansion
coefficients (n!) that appear in the definition of the hydrodynamic derivatives are implicitly considered in the
equation of motion. In other words, these values should be corrected by the corresponding factor if the
hydrodynamic forces are calculated as in Eq. {13).

Values calculated from column (A) but already corrected according 1o Table 2, column (B).
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NJY, < N /Y,,.. Notice, also that, in the present case, Y,,, < 0, such that, for cosy > 0, we huve Y, >
(. This implies that the stability condition (ia) (&t > 0; A, < 0), can be written as (x/L > N,,./Y,,,; x/L
> NJY,). ie., x/L > 0.0104. Condition (ib) (@ > 0; A, > 0), for its turn, would be written (x,/L >
N/ Yon: x/L < N/Y,). i.e., this would never occur, in this case. In words, only the subcritical pitchfork
scenario may appear, and supercritical bifurcation will never occur. In fact, condition (iib) (&t < 0; A, >
0y or (x/L < Ny /Yyui /L > NJY, ). Fig. 4. corresponding to a ‘marginal stability” around ¥ = 0, holds
whenever 0.009824 < x/L. < 0.0104, and condition (iia), corresponding to (& < 0; A, < 0), or (x/L <
Noi/Y i x,/L < N/Y,) (corresponding to be = 0 an unstable fixed point) applies if x/L < (.009824.
Table 5 summarizes the stability analysis. Figure 5 shows a number of time domain simulations,
starting from the desired equilibrium position by means of a small perturbation in the tranversal relative
velocity v. The time domain simulations have been performed by means of MATLAB/SIMULINK
code, using a fifth-order Runge-Kutta integration scheme. We see that y = 0 is a stable equilibrium
point far x,/L = 0.071, in accordance to Table 4 (i.a), We see also that y = xis the atractor for the two
other conditions exemplified. It should be noticed that 100 units of dimensionless time corresponds to
about 7.5 hours in real scale, for a current speed of 1 m/s.

As a conclusion, ranker (1) can be considered 'stable’. since for practical reasons x/L 2 0.25, in
general. 1f the connection point is moved aft, only subcritical bifurcation shall appear, therefore.

Table 4 Stability Scenarios for the Tanker (1) Concerning i =0

Stability Bifurcation ~ Situation
e paramelters scena rl_o . '
XL <0.00982 (<0 d:<0) (ii.a) Unstable
0.00982 < x,/L < 0.0104 (et < O0; Ao >0 {ii.b) Subcritical bifurcation”
%/ >0.0104 (>0 A< 0) (a) Stable
1 T
| =
ns:
i w=0011
s
osb ) \
oy | \
gas \ N
7 ‘ wp=0 007 1
5 . 1
a . ] {
15t V 1 .
5 700 00 00 800 1000

Dimensionigss Time

Fig. 5 Subcritical Pitchfork Biturcations for Tanker (1) in SPM; x/L as a Parameter.
Dimensionless Time I'= /L. Hawser Length: [/1 = 2.
Initial Conditions. x; =Wl =1 x=vU=01X=rlU=0; =N =2 xs=y=0 xs=w=0.

“Margmnally stable™
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For the tanker (2), however. we get NJY, = 0.0105/0.026] = 0.4023 and N, /Y.. = -
0.0061/0.045 = -0.1358. Hence, we have N,,./Y.,, < N/Y,. Notice that, even in the present case. ¥,,, <
0. such that, for cosy > 0, we have ¥, > 0. The stability condition (ia) (@ > 0; A. < ), or (x,/L >
Ny/Youi! /L > NJY,), leads to x,/L > 0.4023. Condition (ib) (& > 0; A, > 0), or (x,/L > N,,./Y,..; x,/L
< N/Y,), gives -0.1358 < x/L < 0.4023, in this case. In words, supercritical bifurcation scenario is now
present. On the other hand, condition (iib) (& < 0; A, > 0) or (x,/L < N, /Y. x/L > N/Y,), that would
correspond to a “marginal stability' around ¥ = 0, cannot hold, and condition (iia) (o < 0; A, < 0), or
(x/L < No/Yii X/L < N/Y,) (corresponding to be ¥ = 0 an unstable fixed point) applies if x/L < -
0.1358. Table 5 summarizes the stability analysis.

Table 5 Stability Scenarios for the Tanker (2) Concerning y =0

Stability Bifurcation Situation
i parameters scenario
x/L <-0.1358 <O A <0 (ii.a} Unstable
-0.1358 < x,/L < 0.4023 @>0; Ac>0 (i.b) Subritical biturcation
x,/L > 04023 a>0 A <0 (i.a) Stable

Condition (iitb) cannol hold and so, suberitical bifurcation will never occur in this case.

xp=0 41

0 50 100 150 200 250
Dimensionless Time

Fig. 6 Supercritical Pitchfork Bifurcations (Showing Some Cases With Subsequent Loss of Structural Stability)
for Tanker (2) in SPM; x/L as a Parameter. Dimensionless Time ' = tU/L, Hawser Length: /,/L = 2.5.
Initial Conditions: x; =ulU =1 X = vl =01 x3=rL/U=0xs=1=25 Xs =y=0 Xg == 0.

Figure 6 shows a number of time domain simulations, also starting from the desired equilibrium
position by means of a small perturbation in the tranversal relative velocity v.

Notice, however, that if supercnitical bifurcation occurs, i.e. condition (ia) transforms into (ib),
stability around the bifurcated equilibrium position breaks down whenever A > [P, ie. if ¥ —+n/2
(otherwise Eq. (36) would have no real roots). This fact can be also interpreted as a loss of structural
stability, regarding the system equations. Looking at Fig. 6 we see that this situation happens for x,/L =
0.28, as could be predicted, and now ¥ = & is the new atractor,



1

548 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, December 1997

In fact, from (30) and (36), under the condition A = U7, we get from Table 3,

=02822 ,

%, Y (N +6N, ) (0.00611)+ 6 %(-0.0105)
L (Yo +6Y,)  (-0.045)+6 x(-0.0261)

conlirming the numerical simulations (see Fig. 6). Table 5 must then be corrected, in order 10 account
for the loss of stability of supercritical pitchfork bifurcations. This is shown in Table 6. Figure 7 refers
10 Eq. (36), showing. as in Papoulias and Bernitsas (1988), ¥ as a function of x,/L.

As mentioned before the present stability analysis. concerning the desirable equilibrium position
W =0, does not depend on the type of mooring system used, if SPM or 'Turret’. Figures 8 and 9 show
the time domain simulations for the corresponding *Turret’ cases. Conditions are the same. Stability
behavior is unchanged, as predicted but. the time histories, although similar, are not. Particularly, for
tanker 2 a limit-cycle (Hopf bifurcation), around the atractor y =, is got for x,/L = 0.28.

Table 6 Stability Scenarios for the Tanker (2) Concerning y =0 , Considering
‘Unstable’ Supercritical Bifurcations

Stabllity ‘Bifurcation Situation
parameters scenario
x/l <-0.1358 a>0 4. >0 (ii.a) Unstabla
-0.1358 < x,/L < 0.2822 a>0 >0 {i.b) unstable “Unstable” supercritical
bifurcation
AsUF
0.2822 < x,/1L <0.4023 a>0;4.>0 (i.b) stable “Stable” supercritical
bifurcation
A<tf
X, /L > 0.4023 >0 A< 0 {i.a) Stable

15¢ \

____ Stable Equilibrium

_ __ Unstable Equiibnum

R
o5k 1
Ak
PR 4 .
425 03 035 04 045 05
xpil

Fig,7 Diagram of Supercritical Pitchtork Bifurcation for Tanker (2)
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Fig. 8 Subcritical Pitchfork Bifurcations for Tanker (1) in ‘Turret’; x,/L as a Parameter.
Dimensioniess Time ' = !1L/L. Initial Conditions: x; = wli=1;
Xo=VU =01 %=t LU=0x=0L =X Xs=yL =0 Xg=y=0.
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Fig. 9 Supercritical Pitchfork Biturcations for Tanker (2) in ‘Turret’; x,/L as a Parameter,
Dimensionless Time ' =t /L. Initlal Conditions: x; = wlU = 1;
Xp=WlU=013=rLU=0 %=L ='X¢1_.'X5=y/l= 0; xg =]'U=ﬂ.
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Fig. 10 Effect of Y,,, Sign in the Pitchfork Bifurcations Scenario for Tanker (2) in SPM; x,/L = 0.35.
Dimensionless Time (' = U/ / L. Initial Conditions: x, = u/l/ = 1:
Xg=wU=01%=rlU=0;x=1=25x=y=0%=0a=0.

Figure 10 exemplifies as the sign of the third-order derivative Y,,, may change the whole picture. If
sign is reversed such that Y, = 0.045, the supercritical scenario, for which condition (i.a) (@ > 0; A, <
0) 1s now written (N/Y, < x/L < N, /¥,.), will not be possible anymore. In fact, now NJ/Y, =
0.0105/0.0261 = 0.4023 and N, /Y., = 0.0061/0.045 = 0.1358. Hence, we have N,../Y,.. < N./Y,, such
that (i.a) cannot hold. Instead, subcritical pitchfork bifurcation scenario will appear, conversely.
Explicitly, condition (iib) (@ < 0; 4, > 0} or (x,/L. > Ny/Yr /L > NJ/Y,), would correspond to a
‘marginal stability’ around ¥ = 0, and condition (iia) (& < 0; A. < 0). ot N,,/Y,.. < /L < NJY,
(corresponding to be ¥ = (} an unstable fixed point) applies if 0.1358 < x, /L < 0.4023. Notice,
however, that this is a local analysis and gives no information concerning the existence or not of other
atractors and if structural stability is preserved.

Finally, Fig. 11 shows time-histories corresponding to tanker (2), for different values of hawser
cable length, taking x,/L = 0.7 (the attatchement point on a bridge at the bow). According to Table 7,
y = (0 is a stable fixed point, Neverthless, a Hopf bifurcation may appear, leading to a steady limit
cycle. This behavior can depend also on hawser cable length. A “dynamic behaviour map”, as shown,

for example in Papoulias and Bernitsas (1988), could be constructed, describing as a function of x,/L
and /./L, the kind of dynamic behavior that migth be expected.

) 50 100 150 200 250
Chrmensicniess Time

Fig. 11 Hopf Bifurcations (Limit Cycles) for Tanker (2) in SPM; /w/L as a Parameter.
Dimensionless Time ' = (UL, X, =-0.001; x,/L = 0.7. Initial Conditions: :
Xzl =T x=vU=01X=rLU=0; %=/ Xs=y=0: %= = 0.
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Conclusions

Stability analysis of Single Point (SPM) and *Turret' Mooring Systems for Floating Production
Storage and Offloading Systems, under the action of steady ocean currents, has been performed by
means of bifurcation theory. Theoretical results previously published by Papoulias and Bemnitsas
(1988), have been recovered and discussed. The most important result is the necessary condition for
stability, governed by the longitudinal position of the attachement point. Stability analysis has been
enlarged somewhat, showing how bifurcation theory applied to a third-order model, based on the
standard “hydrodynamic derivatives” type, is able to qualify two distinct equilibria bifurcation
scenarios of the super- and sub-critical pitchfork type. It has been shown that the sign of the third-order
hydrodynamic derivative of lateral force with respect to the lateral component of relative velocity
governs the type of bifurcation scenario. Usually third-order hydrodynamic coefficientes are small, and
experimental errors can easily lead to changes in algebraic sign, conducting to a totally different
bifurcation scenario,

Additionally, when super-critical pitchfork bifurcation scenario is present, a condition for structural
stability loss has been established and discussed as well. Finally, some practical examples, taking two
tankers of different size, moored either in SPM or in ‘Turret’” configurations have been presented,
tlustrating the features predicted by bifurcation analysis, through a number of time-domain simulations,
performed with a fifth-order Runge-Kutta integration scheme. Some examples, concerning the
appearance of Hopf bifurcations have also been presented and discussed.
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Appendix A

In fact, using (10), (11) and (9) under equilibrium assumption, Eqs. (19) can be written,

J+mrv + T cos =0

X(u,v.r
Y(u,v.r)—mia—T sen@=0 (60)
N(uV,7)— Tx, senw =0

The second and third equations are then combined, leading to
xp,{Nav.r)—mru} = Nuvr) (61)

As equilibrium is assumed, the angular velocity is null (F=0). Taking the hydrodynamic
derivatives up to third order. we then have, at equilibrium,

X, (X7 + i}",wi-‘} = N,V + i_Nm,D‘j (62)
6 6
Appendix B
Table B1 Nondimensionalizers Parameters
Type (A) (B)
of According to According to
Variable Takashina (1986) Bernitsas and
3 _ Kekridis (1985)
Velocity U u
Length L L
Mass ° 05pLET 05pL°
Inertia of mass 05pL'T 05pL°
Force 05pLTU? 05 ;;.Ez_u2

¥ Tis the draft
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Abstract

Vertical forces were measured on a horizontal circular cylinder in a laboratory wave flume. The flume, at the time of
measurements, was 14 m long. | m wide and circa 0.75 m deep. The length of the cylinder was circa | m. It was
paositioned horizontally along the transverse direction of the tank. The diameter was (.15 m. Twa immersions of the
centerline were considered: 0.15 and 0.185 m. Regular surface waves were generated by a plunger. The range of
Sfrequencies was approximately from 0.5 to 2.3 Hz. Their amplitudes were between approximately 0.015 and 0.03
m. These dimensions of the cylinder and characteristics of the waves are typical of a semi-submersible pontoon in
real conditions, once a geometric scale factor of abour 1:100 is considered. The vertical force was measured with a
strain-gage transducer, and the wave elevation with a resistance wave probe. The analogical signals were converted
into digital and plonted. The experimental results were compared against Morison's equation (1950) predictions, As
expected, it was observed that the Morison's equation results adheres to the experimental ones in its frequency range
of validity. The depth of the tank is small compared to the wave length in the lower range of frequencies. This water
deprh limitation has been considered when applving Morison's equation.

Keywords: Wave Forces, Immersed Bodies.

Introduction

Morison et alii (1950) proposed an equation to predict the transverse force on a fixed vertical
cylinder submitted to regular waves.

This formula was generalized. and nowadays it is usual to apply it to moving cylinders under the
action of currents and waves.

The formula has one term proportional to the flow acceleration, related to inertial effects, and other
term proportional to the flow velocity squared, related to drag.

For a fixed body under the effect of waves, it reads:

F=(pV+m, }U'+C‘D§pSU|U| (1

where p is the water density, V is the displaced volume of the submerged part of the body, m, is the
added mass, /" 1s the flow acceleration, C, is the drag coefficient, § is the projected arca of the body in
the normal plane to the flow, U is the velocity of the flow.

The inertia term includes the non-disturbed incident wave effect, given by the displaced mass term,
and the diffraction effect, given by the added mass term.

The expression for the drag term is consequence of empirical observation. For a certain flow regime
(laminar or turbulent), and for bluff bodies, the force divided by the velocity squared does not depend
significantly on the Reynolds number. In fact, for circular cylinders the coefficient C, is typically
constant for turbulent flows. equal to 0.6.

As for the inertia lerm, its expression can be obtained by Potential Theory, assuming that all viscous
effects are considered in the drag term. Possible interferences between inertial and viscous effects are
ignored. This derivation is presented in the following sections.

Manuscript received: September 1996. Technical Editor: Paulo Eigi Miyagi
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Formulation of the Potential Flow Problem

The problem of determining wave forces on a fixed body acted on by regular waves is formulated in
the present section,

Viscous effects are here ignored.
The fluid is assumed to be incompressible and inviscid. and the flow potential.

Let ¢ be the total potential of the flow, ¢' the incident waves potential, and ¢° the perturbation
potential due to the presence of the body, that is, the diffraction potential:

p=0"+o" (2)

Mass conservation must apply throughout the fluid domain, and this 1s assured by Laplace’s
equation:

vi(e' +0”)=0 3
Momentum conservation enables the calculation of the pressure by Bernouille’s equation:

o x.y:1)

! 2
== 05|Vl i) - prye (1) )

plx.vit)=—p

where the third term of the second member is hydrostatic and will thus not be considered when
evaluating the hydrodynamic forces, and the constant C(t) will be assumed null,

Since lhe incident waves are themselves a solution of the problem in the absence of the body,
potential ¢' alone must satisfy Laplace's equation, and consequently so must potential " alone,

Just steady-state solutions are sought.
As tor boundary conditions, one has:

(1) cinematic free-surface condition, requiring that no water “splits” out of the free-surface, and
that no “holes” are created:

(2) dynamic free-surface condition, requiring the pressure on that surface to be uniform and
constant {atmospheric pressure);

(3) bottom condition, applied to a plane bottom, requiring the normal component of the flow
velocity to be nuil (impermeable bottom);

(4) body condition, similar to the bottom condition, but applied to the body surface.

In addition, a radiabion condition must be applied, requiring that the diffraction potential is due to
waves that propagate from the body outwards.

Conditions (1) and (2) are expressed in terms of two variables: the wave potential, ¢, and the wave
elevation in respect to the undisturbed free-surface plane, 1. These conditions may be combined to give
another one in terms solely of the wave potential.

Conditions (1) and (2), as well the combined free-surface condition, apply independently to
potentials ¢' and ¢" and to corresponding wave elevations 1' and m®, here the superscripts I and D
meaning “incidenl waves” and “diffracted waves”. Condition (3) also applies independently to
potentials ¢' and §”. Condition (4) applies just for their sum.
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The problem is difficult to solve, mainly becausé part of the boundaries, specifically the free-
surface is unknown, and because the free-surface conditions are non-linear.

A simplifying hypotheses is adopted, restricting the solution to that of “small” wave amplitudes.
The problem is then linearized around the non-deformed free-surface plane.

Consider two-dimensional problems, with axis x being the direction of propagation of waves, and
axis y being vertical, positive upwards. The undisturbed free-surface is supposed to be at y=0.

The linearized hydrodynamic pressure is restricted to the first term in the second member of (4).
The linearized free-surface conditions read:

Dynamic condition:

on y=10 (5)

Combined cinematic and dynamic condition:

82¢.'.D a¢f.f)

pe; +g > =0 on y=0 (6)

The bottom boundary condition reads:

a¢-"‘D
e

=0 on v=-h (Wh]

being h the water depth.
The body boundary condition is:

3(:3)" +¢?

= =0 on the body surface (8)

being “n" the normal direction to the body surface. (Below the normal versor # will be supposed 1o be
directed outwards of the body).

Solution for the Problem in the Absence of Body: Airy Wave

Since just harmonic steady solutions are here considered. one may use complex notation, and write
a generic variable 6(t)=0,, mx(—mr +59). where @, is its amplitude, ® its frequency and §g4 its
phase, as:

8(r) = Rel8, expl-i(or -3, )]}
= Re{(i'a exp(idy )exp[-iﬂt)}: Re{BA e_xp(—im')}

being &4 =8, exp(idy ) the so called complex amplitude, with its absolute value equal to the real
amplitude, and its argument equal to the phase.
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One steady solution for the linearized problem in the absence of body is the linear small amplitude
progressive wave, also called Airy wave. It is presented next.

The incident wave elevation is:

nh(x:1) = Aexpliky) 9

where A is the wave amplitude, k= 3,,"' is the wave number, with A the wave length, and where & and
@ are related by the so called dispersion relation:

w’

k tanh(kh) = — (10)
g

The above wave propagates in the positive x-direction. In fact, its phase remains constant for
(kv - ox )= constant, that is, when the differential of this quantity is null: d (kx — ax ) =0, resulting in a
phase velocity equal to

{ hlkh
{":E:E: ___gfﬂﬂ( ) “l-)
dr k k

The incident wave potential 1s:

iy o BA mxh[k(y + h)] .
J?A{.t._\,. !) = ~ __——-_cm'fl(kh} exp{ak_t] (12)

Fluid particles velocities may be evaluated from i = ui +vj = V', giving for instance for the y-
direction component:

; _kgA .s‘:‘nhlk(y + h)] J
vy=—d——— < explikx (13
" @  cosh(kh) pliks) !
. " : o a® R s ;
Fluid particles accelerations may be evaluated from j = ui +1) = 3" giving for instance for the y-
direction component:

: sinhfk(y+h)]
V1= —kgAWexp(lh) {'4]

For unlimited deep waters ( kft — == ), one has:

3

@
g

.in (10): tanh(kk) = I, so that the dispersion relation reads k =

.in (11) the wave velocity resulting in ¢ = £ :

coosh| A v+ e il v+ eap| = v+ eyplk f
Lin(12): e :l- 2 ;JJ = U[ i FJ]J{ U[ ) j]] = \P[ ki IJ] =exp(hy]
covh( k) explhh)+ovp(=kh) expl ki)
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; o .rfnh[k[y +h)]
in {13) and (14), similarly to the above approximation: ————————= = exp(ky] :
cosh{kh)

The Linearized Wave Force Acting on the Body

As for the steady solution of the problem in the presence of the body, the force exerted by the
waves on the body may be evaluated considering the linear hydrodynamic term of the Bernouille's
equation, as below:

Fy=Fo ol + Fa j= Jj (—paJndS =—iwp jjl$ff?d5 —iwp -”(IJDE(!S (15)
frewh v by x honfv' s
surface snrfice Mirtece

Approximation Leading to the Inertia Term of Morison’s Equation: the
Froude-Krylov Term

The first term in the last member of (15) is called “Froude-Krylov” term. It may be readily
cvaluated since the incident wave potential is known.

If the body is “small” in the x-direction, say, less than one fifth of the wave length, the phase of the
wave over the body is approximately constant, and its value on the center of the body, x= X, may be
taken.

If, in addition. the body is assumed to be “small” in the y-direction, another simplification may be
done.

For the y-component of the force, for instance, the body may be approximated by thin vertical
strips, each one of width Av . The upper face of each strip is at y =y, ., and the lower face at y =y,.

Its height is Ay = y, — y; and its center at = lfi The normal to the upper face of the strip is
n, =1 and to the lower face is ny, =—I . For each strip, one has:
F;mtifr
AF_;AW — —mp[qbi (.r,t‘, Yu )_(p‘:i(""(‘- Yi ]]Ax =
I ;
= —pgAme_rp(akx( ){cosh[k(y“ +h}]—cosh[k[y; +h)]}dx =
I 1
-pgA — ikx . )—-
PE cosh{kh) el 2

i ol 452
Ax =
—exp[k(,"}- —%+hJJ_eXP[_k[yc _%‘i’h]J

f’.rp( i, )2—/ :

(16)

!
=—ppAd——
AE cosh(kh)
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Now, the approximation

trp[k—]—fxp[ kﬂ]EkAy (17)
may be adopted for kﬂ=£-:-‘— <

Substituting (17) mm (16), and recognizing the acceleration \'-I‘ (expression 14) in the resulting

expression. it results:

Toente
AF, '_’.\““"' = pAvAvy r] R (18)

Summing up all the contributions from all strips, and admutting that the strips centers are all at about
the same height v = v, | the sectional force results:

Fron

f".._l’;“h” = paci{v v ) (19)

where A is the sectional area of the body, and where the acceleration is determined at the geometric
center (1., v, ) of this section. This force corresponds 10 the pVL'” term in (1), once a 2D flow and the
y-direction are considered.

Approximation Leading to the Inertia Term of the Morison’s Equation:
the Diffraction Term
The second term in (15) 1s difficult 1o evaluate, since the potential qbn 15 unknown.

However, it is possible to relate this problem to that of a freely oscillating body in the absence of
incident waves. called radiation problem.

Suppose, for instance, that the 2D body considered so far is oscillating harmonically with frequency
@ and unit amplitude along the y-djrection. One is concerncd about the determination of the
corresponding radiation potential, ¢~ . This problem can be formulated, up to first order
approximations, by the Laplace equation (3). the combined free-surface boundary condition (6) and the
bottom boundary condition (7). As for the body boundary condition, one has in this case:

% 4 :
—_— 20
o Ve &

where v, = /= 215 1% the component of the velocity of the body normal to its surface.

Returning 1o the diffraction problem, the y-component of the second term in (15) may be thus
writlen:

na‘f’za

T~ op [otnsm-iop [3 2%
bor.f)i bﬂn‘;f

Ontour CONONT
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Applying Green's second identity'. and afterwards the body boundary condition (8), one has:

Fd{ﬁmrriﬂn_ i R %2 o R a¢.:l i R v JLi=
y.A =iy pea=Cdmiap (02 ——Tdesiap |07V nds (23)

bodv's body’s body's
Conlaur confour confour

Being the 2D section symmetric in respect to y, as is the case of for }'nsmn_ce a circular section, there
will be no contribution for the y-component of the force from the V@' -(n,/ ) term. In this case, (22)
reads, after expressing n, again in terms of the radiation potential ¢, :

R

il Tien i I 2\ R 80)3__,‘

FY = jap j(Vw.q-;kz.,4 A ds @3)
fowev'x

CUnfenre

The above expression is known as Haskind's relation, and it enables the determination of the
diffraction force based on the knowledge of the radiation potential instead of the diffracuon potential.

Consider now the same approximations adopted in the last section, that is, that the body width and
height are small relatively to the wave length, enabling the incident wave phase and immersion decay to
be taken as uniform for the whole body section.

In this case, qu" f may be put out of the integral in (23).

'
e N

The coefficient /5, = -p lef_ A 45 is related to the radiation problem concerning oscillation in
body's
the y-direction and force also in the y-direction. It may be expressed by the sum of a term in phase with
the body acceleration and of a term in phase with the body velocity:
f22 = @7y +iohy, (24a)

where

R
7 3
a3 =—5 Rej-p J'ga;‘_ﬁ a‘;;’-" ds (24b)
body s
[ el

R D
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.1 <<T, o T, 1 T, <<11.): the flow reverses before the fluid particles can reach the other side of the
cylinder. not enabling the occurrence of separation and wake, and, consequently, viscous effects
can be ignored;

. T, 5=T, « T,/ T, >>1:): there is enough time for the fluid particles to surround the cylinder before
flow reversion, and separation and wake do occur, being the viscous drag significant.

One has:

n
Tr w (A]
Lo & |=pl 2
T, | d &

Therefore the relative importance between inertial and viscous terms can be evaluated by the A/d
quotient, which in fact is the Keulegan-Carpenter number.

For A<<d one has the inertial regime, and the viscous drag can be neglected.

For A>>d one has the viscous drag regime, and inertial effects may be neglected, due to the fact
that in this case the body is “small”, causing a “small blockage™ of the flow.

For intermediate values of A/d, both effects may be important. The formula is generally used in this
case simply considering the validity of superposition of effects.

Frequency Range of Validity of Morison’s Formula

The flow acceleration U” and velocity U used in Morison's formula are to be taken as typical values
for the undisturbed incident wave (not diffracted) along the section of the cylinder. These values are
generally taken on the centerline of the cylinder.

Therefore its validity is restricted to situations where the wave characteristics do not present an
intense variation along the section.

The criterion most frequently used is that the formula may be applied for {-‘:L- <02
Taking account of the dispersion relation (10), the above criterion reads in terms of frequency in Hz

(f = % ), for unlimited depth:

2nf%d
g

<02 ,

or, in terms of frequency range, Morison's equation holds for sufficiently low values of frequencies,
such that

¢ _ 0559
< ==
S <N tom Jd

The other restriction refers to “small” body heights in respect to the wave length A .

(30)

Imagining that “d” and ** Ay ™ are of the same order, the consequence of adopting

0559

k 31
f-t\[d_y (31)
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is the so called “added-mass", and

ad ¥
an

dy (25)
[17]
body's

contour

b2z —‘LR“{(“" -p J"ga

is the so called “damping™.

The added mass and the damping may be calculated just considering the radiation problem. This is
a much more “treatable™ problem. since the radiation potentials are null at large distances from the
body, which is not the case of the incident wave potential in the diffraction problem. For 2D numerical
solutions in infinitely deep waters see for instance Frank (1967) and de Conti (1980),

With this approximation, (23} results:

diffraactinn ! [ -2 F
F = W ayy —ihy |V, 'ji
v.A [—fm}( . ' p

=(‘—I’Ir!l'!'_1_’l +-"l_\_! ]Vtﬁ!‘ j‘

vy oxy)

(26)

{ v vl
:“::"f\{"‘ Y, )”’.‘:"J-'.(-‘. -.";_')
The added mass term in (26) corresponds to the 1, U'" term in (1). The damping term in (26) is not

present in Morison’s equation, which admits that the potential damping is negligible face to the viscous
damping.

The Inertia and the Drag Regimes

The quotient between the wave amplitude and the cylinder diameter may indicate whether the most
important effect is inertial or viscous, as exposed below.

Consider the typical time for a fluid particle to surround the cylinder in the wave flow. This can be
evaluated by dividing half the cylinder perimeter by the particle velocity:

d

- ol <2 |=of 22

oo 42
,

where d is the cylinder diameter. and 2 was assumed to be the order of the particle velocity in the
2
wave flow.

The flow reverses after each time lag equal to half the wave period, that is:

'T':

b |~
ey

_r (28)
[i1]

Comparing 7, and 7, , one has the following possibilities:
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similarly to (30), could be sought. One would have:
kDY pan=063 |
2 A

so that the approximation

e-_rp[k(d% ].]—exp(—k[-‘d% ]] = kdy (32)

|1.34 - 1.38]
—_—=3%

134
This shows that the restriction in (31) also guarantees small deviations from the exact predictions.

would lead to a maximum error of

The Experimental Tests

The experimental tests were conducted in a wave flume. There was a plunger-type electrically
driven servo-controlled generator in one of its extremities, and a wave absorber in the other (see Fig. 1).

AR A
r - ........H;\” TV

Fig. 1 Experimental Arrangement
The flume was at the time of measurements 14 m long, 1 m wide and circa 0,75 m deep’,
Regular waves in the range of 0.5 to 2.3 Hz with amplitudes up to 0.03 m were generated.

The tested model was a circular cylinder with a 0.15 m diameter, and circa | m length, whose
dimensions are typical of a semi-submersible pontoon in real conditions, once a scale factor of about
1:100 is considered.

This model was arranged horizontally in the trunsverse direction of the flume. The flow resulted
thus approximately 2-dimensional. Two immersions of the centerline of the cylinder were considered:
0.15 and 0.185 m.

The vertical component of the force was measured by a strain-gage transducer and the wave
elevation by a resistance wave probe. The analogical signals were converted into digital and plotted.

It was observed a linear behavior of the force in respect to the wave amplitude, in the range of
frequencies considered. This indicated that the drag should not have had a significant role.

The quotient between vertical sectional force and wave amplitude versus wave frequency was
plotted for both immersions (see Figs. 2 and 3), These figures also present estimations using Morison’s

£ Nowadays the flume-length has been extended to about 25m.
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formula. Two Morison’s plots (theoretical) are shown: one considering unlimited water depth, and the
other considering limited water depth,

0,12
0,10
E
E 008 «d LI
E Y 5
©
f' 0,06 i ]
— @
<
:__I' 0104 B ® experimental
tl: E O theoretical | unlimited water depth )
0’02 A  theoretical { limited waler depth )

upper limit of experimental uncertainties

lowar limil of axparimental uncertainties

0,00 !
0,00 0,50 1,00 1,50 2,00

frequency (Hz)

Fig. 2 Vertical Force Versus Wave Frequency for Immersion Equal to 0.15 m
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<
iy g ®  experimental
=
E‘ 0.02 O theoretical { unlimited water depth }
A theorstical ( limited water depth ) a
upper limit of exparimental uncertainties
lower limit of experimental uncertainties
0,00 !

0,00 0,50 1,00 1,50 2,00 2,50
frequency (Hz)

Fig.3 Vertical Force Versus Wave Frequency for Immersion Equal to 0.185 m
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It shall be noted that just the inertial term of the Morison's equation has been calculated, being the
drag term neglected. This was due 1o the fact that for the present tests the quotient A/d did not exceed
(0.033/0.15) <<, which is, as seen above, a typical inertial regime.

Analysis of the Results

The range of measurement uncertainties, which amounts +8.5% |, 1s indicated in Figs. 2 and 3. They
were estimated considering the following effects:

e errors associated to instruments calibration;

e errors associated to data acquisition;

= errors due to spurious wave reflection:

« errors due to perturbations in the wave profile.

However it is known that there is aunother important uncertainty for the lower limit of the frequency
range. This is associated to the shortness of the flume. with consequent wave reflection, and limitation
of the wave register length. This crror has not been indicated in Figs. 2 and 3, but certainly enlarges the
uncertainty range for frequencies below 0.6 Hz.

The critenia for the range of validity of Morison's equation (Eqs. 30 and 31) state that the upper
frequency for its application should be about

i
oo =099 s rusps

VO.15

It should be also noted that the formula for unlimited waters is a good approximation for wave
lengths typically smaller than twice the water depth, that is, for wave frequencies such that

= ‘L ’_8_:_0_-333 = IH=
f= 22 \Nemh -~ Jh i

Then, for smaller frequencies, the curve for limited waters is theoretically more adequate.

In fact. Figures, 2 and 3, respectively, relative to the smaller and higher immersions, indicate:
. that the experimental results are adherent to Morison’s predictions until at least 1.5 Hz;
. that it does make a difference taking account of the depth limitauon for low frequencies.

As for the added mass, it was evaluated by the analytical-numerical methodology described in
Frank (1967), which applies to infinite water depth. Kelvin source singularities are distributed along the
body contour. These singularities satisfy the linearized free surface conditions, the infinite condition
and the radiation condition. The intensity of the singularities is determined by the imposition of the
body boundary condition in vanious points of its contour.

Graphics for the sectional added mass coefficient (a,; / prd ’/4) and for the damping coefficient
by / @prd*/ 4 versus frequency are presented in Figs. 4 and 5, respectively for the immersions 0.15
and 0.185 m.

The added mass coefficient is seen 1o vary considerably with the frequency, and this variation is in
fact significant when estimating the diffraction force.

Sometimes the added mass is approximated for its zero frequency - infinite flow value, instead of
considering the actual frequency of oscillaton and the existence of a free-surface. This approximated
value for the circular cylinder is (aj, / prd’/ 4)=10.
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The above approximation implies in errors, for instance for the lower immersion at a frequency

20—
around 0.9 Hz (see Fig. 4), of about %’E = /4% . It was observed that errors like that may cause
b

theoretical results to drop out of the experimental uncertainty range. Therefore, this approximation was

not adopted in the present paper.
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Fig. 4 Added Mass and Damping Coefficients for h=0.15m
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Fig.5 Added Mass and Damping Coefficient for h=0.185 m
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Moreover, in the case of having a circular cylinder in a free-surface flow, the limit added mass
coefficient for zero frequency is circa 1.2 for a immersion-diameter ratio of 1.0 (Fig. 4), and circa 1.15
for a immersion-diameter ratio of 1.23 (Fig. 5), and not 1.0, as in infinite flow.

This is explained by the fact that the free surface condition (6) reads at the zero frequency limit as:

I K
m;ﬂ oan r\\:O

oy

and the free surface acts as a rigid impermeable plane. The flow limited by this “rigid free-surface” is
equivalent to that of the original cylinder and of another cylinder which is the specular image of the
former, in respect to plane y=0, both oscillating with opposite phases. This is not, of course, the infinite
flow approximation.

As for the potential damping effect, despite having been neglected, it is not thal small in comparison
to the added mass effect for the lower frequencies, specially around 0.4 Hz, as may be seen in Figs. 4
and 5.

Conclusions

Despite the limitations of Morison’s equation, it has proven to give reasonable predictions,
concerning vertical forces, for pontoon-like structures, at least for wave lengths larger than 4.6 times the
body width. This is in accordance to the usual criterion, which recommends a factor of 5.0 times.

It was observed that it is important (o take into account the variation of added mass with frequency.

The flume length is not adequate for experimentation with low frequencies, especially in the range
up to 0.6 Hz. In this sense, the lengthening of the flume (which has just been provided) shall be
convenient,
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Abstract

This work presents an experimental study on the life of abrasive discs in cui-off tvpe operations with two conditions
of cutting speed. The cutting time is shown with a comparative analvsis of the cutting speed.
Keywords: Abrasive Discs. Cut-Off Type Operations, Cutting Speed.

Resumo

Este mrabatho apresenta um estudo experimental sobre a vida de discos abrasivos em operagées do tipe “cut-off”
com duas condicoes de velocidade de corre. O tempa de corte é apresentado com uma andlise comparativa da
velocidude de corte.

Palavras-chave: Discos Abrasivos, Operagies do Tipo " Cut-Off”, Velocidade de Corte.

Introducao

O corte com discos abrasivos ¢ um dos métodos mais antigos e devido a sua simplicidade
operacional, ainda ¢ um dos mais utilizados na industria que trabalha com materiais metilicos.

Atualmente, os discos abrasivos sio disponiveis em todos os niveis de prego e qualidade. O segredo
na obtengiio do bom desempenho do disco abrasivo estd em quando e como utilizar o disco abrasivo
correto para o trabalho. Este desempenho pode ser determinado pelo volume de material que estes sio
capazes de remover, em relagio ao volume de disco abrasivo gasto num determinado tempo e segundo
determinadas condi¢des de trabulho (Snee, 1991).

As diferengas de qualidade na fabricagdo de um mesmo tipo de disco abrasivo pelos diversos
fabricantes, e o desconhecimento de seu desempenho, agravam a determinagéio das condigdes otimas de
trabalho, tornando dificil a escolha de uma nova operacio de corte, em fungdo do tipo de disco abrasivo
e do material a ser cortado. Estas dificuldades fazem com que os critérios para utilizagdo de discos
abrasivos no meio industrial ndo estejam devidamente estabelecidos, como na usinagem com
ferramentas de arestas cortantes definidas, além de serem pouco estudados. Portanto, hd pouca literatura
formal sobre este assunto.

Muitos usudnios utilizam discos abrasivos de forma inadequada por fala de informagdes técnicas
sobre este processo, o que eleva, evidentemente, o custo do corte e prejudica seu desempenho. A
avaliagiio do custo de discos abrasivos é dificil de ser feita e seu desempenho depende das condigdes de
trabalho.

Manuscript received. February 1996. Technical Editor: Paulo Eigi Miyagi
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Normalmente, o corte em operagies do tipo “cut off” sio realizadas por médquinas com relagio de
transmissdo (nica entre o motor de acionamento e o eixo 4rvore, que suporta o disco abrasivo. Desta
forma a velocidade de corte V., [m/s]. quando o disco abrasivo é novo, € alta e diminui na mesma
proporgdo que ocorre a perda diametral do disco abrasivo. Isto afeta substancialmente os fenémenos de
corte, comprometendo a capacidade de remogdo do disco abrasivo (Bianchi et al.. 1996).

Este trabalho tem como objetivo apresentar os resultados experimentais obtidos sobre a otimizagio
do tempo de corte com discos abrasivos, quando submetidos a diferentes condigoes de velocidade de
corte. Controlando-se a rotagdo do motor de acionamento, foram realizados dois ensaios. Em um deles
manteve-se  a velocidade de corte constante (aumentando-se a rotagio do disco abrasivo
proporcionalmente & sua perda diametral) e no outro utilizou-se a velocidade de corte varidvel e
proporcional a perda diametral do disco abrasivo,

Fenomenologia do Corte com Discos Abrasivos e Parametros de
Avaliagao de Desempenho

Para a constatagao da otimizagdo do tempo de corte com discos abrasivos em fungio da velocidade
de corte, a andlise de alguns parimetros relacionados aos processos abrasivos facilita a estimativa das
vantagens econdmicas que podem ser obtidas de acordo com as condigdes de trabalho utilizadas, além
de mostrar a sua adequagdo no meio industrial, Por falta de literatura técnica especifica sobre discos de
corte, diversos conceitos utilizados no processo de retificagio foram adequados a este trabalho.

O corte de materiais em operagdes do tipo “cut-off” consiste em pressionar um disco abrasivo
contra 0 material a ser cortado, usualmente fixado numa morsa, A velocidade de penetragio do disco
abrasivo no material ¢ denominada taxa temporal de penetragdo do disco abrasivo no material V, [m/s],
Na Figura 1 ¢ apresentado o desenho esquemdtico da fenomenologia de corte com discos abrasivos para
operagdes do tipo “cut-off” e as principais varidveis envolvidas (Bianchi et al., 1996).

A taxa de remogdco de material no tempo Q. [mmY/s] representa o volume de material removido por
unidade de tempo, que € determinada pela equagdo:

0. =A.Vy ()

onde A [mm’] € a drea de contato num dado instante entre o disco abrasivo e o material.

— Nomenclatura

A = area de contato num Q, = laxade remogao N = numero de cavacos
dado instante entre o especifica de material arrancados por unidade
disco abrasivo e o no tempo [mm*/mm.s] de tempo [N%s
material [mm?] H. = espessura equivalente t = largura do disco abrasivo

b = largura média do topo de corte [mm] [mm]
dos graos abrasivos [nm]  hp.. = espessura tedrica Vg = velocidade de corte [m/s]

C = numero de gréaos maxima do cavaco Vj = taxatemporal de
abrasivos por unidade de [mm] penetragéo do disco
area [N¥mm®) K presséo especifica de abrasivo no material [m/s]

d. = didmetro do disco corte [N/mm?] Z,, = volume de matetial
abrasivo [mm] Ky tenséo de escoamento removido [mm?]

d. = didmetro do material do metal da peca Zg = volume de disco abrasivo
(mm] [N/mm?] gasto [mm”]

Fug = for¢a tangencial de corte |, comprimento de contato 8 = penetragado do disco
num gréo abrasivo [N] entre o disco abrasivo e 0 abrasivo no material

G = relagaol--] material [mm] [mm]

Q, = taxa de remogao de L espacamento medio u = coeficiente de atrito entre
material no tempo entre os graos abrasivos ogrioe apecga [-]
[mm®Ys] [mm]
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disco
Vs | _~ abrasivo

Fig. 1 Fenomenologia de Corte para Operagdes do Tipo “Cut-Of” (Bianchi et al., 1996)

A densidade de grios abrasivos da superficie de corte do disco abrasivo, num determinado instante
do corte, depende desta drea de contato, No corte de materiais com sec¢io transversal circular a drea de
contato varia com o didmetro do disco abrasivo d, [mm], diimetro do material d, [mm], largura do disco

abrasivo t [mm] e com a penetragiio do disco abrasivo no material & [mm], segundo a equagiio (Abrio,
1991):

d
A=2-1|—% | arccos (2)

2

O comprimento de contato |, [mm], entre o disco abrasivo e o material, influencia no nimero de
grios abrasivos, que afetam a geometria e a remogdo dos cavacos arrancados. O comprimento de
contato € obtido pela relagfo entre a drea de contato e largura do disco abrasivo, conforme a equagao;

f —

C

A 3)
!

Sendo a largura do disco abrasivo constante, o comprimento de contato € diretamente proporcional
@ drea de contato.

Durante o corte de materiais cilindricos, a drea de contato inicialmente tende a crescer
proporcionalmente a4 penetragio do disco abrasivo no material, até um comprimento de contato
méximo. Posteriormente a drea de contato decresce até o final do corte. O disco abrasivo tende
progressivamente a desgastar-se, diminuindo seu diimetro,

No inicio do corte, quando o disco abrasivo ainda € novo, hd uma maior densidade de grios
abrasivos ativos na superficie de corte deste, devido ao maior comprimento de contato. Desta forma,
cada grio abrasivo remove menos material e o cavaco arrancado possui menor espessura.

O disco abrasivo desgasta-se durante a remogio de material, acarretando a diminuigio do mimero
de grios ativos na sua superficie. Com menor densidade de grios ativos, cada grio abrasivo remove um
maior volume de material com espessura maior, comparativamente a0 caso anterior.
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Para um mesmo tipo de disco abrasivo, a manutengdo do nimero de cavacos arrancados
unidade de tempo N [NYs| depende do nimero de grios abrasivos por unidade de drea C [N%/mm’].
largura do disco abrasivo e da velocidade de corte do disco abrasivo. O nimero de cavacos arrancados
por unidade de tempo € obudo pela equagiio (Malkin, 1989):

N=C.LV, (4)

Com a perda diametral do disco abrasivo, hd uma diminuigdo continua da velocidade de corte, Isto
provoca também a diminuigdo progressiva do ntimero de cavacos arrancados por unidade de tempo.

A espessura equivalente de corte hg, [mm| representa a espessura da camada de material que ¢
arrancada pelo disco abrasivo numa volta’ completa. Trata-se de um parimetro que permite quantificar
uma condigio de trabalho. A espessura equivalente de corte € definida como sendo a relagao entre a
taxa de remogio especifica de material no tempo Q' [mm¥mm.s] e a velocidade de corte do disco
abrasivo, expressa por {Peters e Decneut, 1975):

h,=—2 (3

sendo a taxa de remogio especifica de material no tempo Q. ohtida pela relagiio entre taxa de remogio
de material Q,, [mm'/s] e a largura do disco abrasivo t. Dividindo-se Eq. (1) por t ¢ combinando-a com
as Eqgs. (3) e (5), a espessura eguivalente de corte pode ser expressa por:

L{
h, =1L

g =l (6)

O parametro h,, foi escollido para que se possa realizar uma andlise comparativa dos resultados
entre as duas condigdes de trabalho (V, constante e V, vanavel).

A espessura teorica maxima do cavaco h,,, [mm] € diretamente proporcional ao parimetro
espessura equivalente de corte, conforme a equagio (Bianchi et al., 1992):

My =heg (2.L21:)=2.L.(V) /V,) 7

onde L [mm] € o espacamento médio entre os grios ubrasivos.

Portanto, aumentando-se V, ou diminuindo-se V_ hi um aumento na espessura méxima do cavaco
arrancado. Todavia, variando-se a espessura do cavaco arrancado, altera-se a forga tangencial de corte
num grio abrasivo F,, [N]. Esta for¢a tangencial de corte pode ser expressa pela equagdo (Bianchi,
1992):

Fop=bbyy Ky +ub.m K, /4 @

sendo h [mm] a largura média do topo dos graos abrasivos, K, [N/mm’] a pressio especifica de corte, p
o coeficiente de atrito entre o grio e a pega ¢ K, [N/mm’] a tensio de escoamento do metal da peca.

Qutro parimetro utilizado para a determinagdo do comportamento de discos abrasivos € a relagio G
. definida como sendo a relagdo entre volume de material removido e volume de disco abrasivo gasto
(ferramenta). determinada pela equagio (Hahn, 1955):

G= 7N
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sendo Z, [mm’] ¢ Z_ [mm’] o volume de material removido e o volume de disco abrasivo gasto,
respectivamente.

Esta relagdo caracteriza o desgaste de um disco abrasivo sob determinadas condigbes de trabalho.
Se o desgaste do disco abrasivo for grande com relagio ao desgaste de material, a relagio G é pequena.
Isto significa que a perda volumétrica do disco abrasivo é grande. Assim, o custo do corte ¢ maior, No
caso do disco abrasivo desgastar-se lentamente, a relagdo G € alta, sendo o desempenho do disco
abrasivo melhor, tornando o corte mais econdmico (Bianchi, 1992).

Mecanismos de Desgaste em Discos Abrasivos

Durante a operagio de corte ocorre o macro e micro desgaste dos grios abrasivos e ligante da
superficie de corte do disco abrasivo, decorrentes da interagio do disco abrasivo com a pega.

Na Figura 2 sio apresentadas as formas de ocorréncia do macro e micro desgaste da superficie de
corte dos discos abrusiv oy,

~ _
disco abrasivo
S
."\
_,/
-"ﬂl
.-'T"\__ o
0 R T o e T,
BV .' Vf
— 4 | /
7
AN | .";"'4
V7
b) Desgaste térmico /
material

Vs
I |desgaste maximo do ligante, 4
A

: |
c) Combinagao entre desgastes térmico e gerado pelo cavaco

Fig.2 Formas de Ocorréncia do Macro e Micro Desgaste da Superficie de Corte dos Discos Abrasivos.

O micro desgaste corresponde ao desgaste das arestas ativas no topo dos grios abrasivos durante o
corte, em decorréncia do atrito entre as arestas dos griios abrasivos com o material, Durante o corte, 0s
grios abrasivos vao se desgastando e lentamente aumentando suas dreas de topo, aumentando as forgas
de corte e geragio de calor.

O macro desgaste ocorre pelo desgaste do ligante, que retém os grdos abrasivos na superficie de
corte do disco abrasivo. O desgaste do ligante pode ocorrer termicamente, pela geragio do cavaco
arrancado ou pela combinagiio entre ambos.
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O desgaste térmico (Fig. 2b) ocorre pela agdo do micro desgaste. As arestas no topo dos graos
abrasivos vio se desgastando e, consequentemente, hi o aumento das forgus de corte e temperatura na
regiio de contato. Uma parte desta energia térmica é conduzida em dire¢io o centro do disco abrasivo,
passando pelos grios abrasivos e ligante. Quando a temperatura de trabalho é elevada, hd a deterioragio
térmica do ligante que perde parte de sua capacidade de retengao dos griios abrasivos. Assim, a forca
miéaxima de retengdo. que o ligante exerce sobre o grio abrasivo, diminui. No instante em que as forgas
de corte siio maiores que a de retengéio do ligante sobre o grio abrasivo, hd a liberagio deste. Os discos
abrasivos utilizados neste trabalho, sdo confeccionados com ligante resindide, que é muito sensivel a
a¢do da erosdo do ligante pelo cavaco.

O cavaco arrancado pela interagdo do grio abrasivo com o material incide, ao sair, na parle do
ligante que estd a frente do grio abrasivo, na diregio de movimento do disco abrasivo (Fig. 2a),

O atrito entre o cavaco e o ligante provoca, continuamente, o desgaste do ligante e este desgaste
diminui a capacidade de retengio do grio abrasivo.

O macro desgaste combinado com o micro desgaste (Fig. 2¢) € a combinagdo entre os tipos de
desgaste ja descritos.

Descrigao do Banco de Ensaios

O banco de ensaios desenvolvido é composto de uma mdquina de corte do tipo “cut-off”. com
capacidade para discos abrasivos de até 254,0 mm de didmetro, montada sobre uma base rigidamente
fixada ao solo. Foi utilizado um motor de indugio trifasico com poténcia de 2 cv e rolagiio nominal de
3.480 rpm (fregiléncia 60 Hz). A rotagdo do motor ¢ transmitida ao eixo arvore, com relagio de
transmissio de 2,2:1 para a obtengio das rotagdes necessdrias, de acordo com as condigdes de trabalho.

Um sistema de poha e peso foi montado para auxiliar o controle da forga aplicada do disco abrasivo
contra o malerial a ser cortado. A forca aplicada era controlada manualmente pelo operador de tal forma
que a rotagio do motor fosse mantida constante durante o corte. Este sistema ¢ constituido por um peso
que traciona um cabo de ago. ligado & miquina através de uma polia.

O controle da rotagio do disco abrasivo foi realizado por um conversor de freqiiéncia digital, que
mdicava a freqiiéncia instantinea do motor em todos ensaios. A forca de corte aplicada, do disco
abrasivo sobre o material, foi controlada de tal forma que a rotagao do motor, para uma determinada
velocidade de corte. ficasse mantida constante, Assim, as forgas de corte foram controladas para que
nio houvesse perda voluméirica do disco abrasivo pela agdo de sobrecarga nos grios abrasivos, que
poderiam provocar a liberagdo antecipada destes, Este fato ¢ indesejdavel uma vez que prelende-se
analisar a influéncia da velocidade de corte no desempenho do disco abrasivo e nio submeté-lo a forgas
que provoquem a expulsio do grao abrasivo da superficie de corte do disco abrasivo. Isto provocaria
uma perda diametral maior do disco abrasivo pelo aumento da espessura do cavaco arrancado (aumento
Vi) alterando a relagdo G, principalmente por se tratar de discos abrasivos confeccionados com ligante
resindide. que € sensivel ao desgaste provocado pela erosdo do cavaco arrancado sobre o ligante e a
acdo da lemperatura na regido de corte,

Para a realiza¢iio deste trabalho, foram utilizados dois discos abrasivos idénticos (AR 302) e barras
de ago trefilado ABNT 1045 (com diimetro de 12,7 mm e | metro de comprimento), como material a
ser cortado.

No primeiro ensaio manteve-se constante a rotagdo do disco abrasivo, variando-se assim sua
velocidade de corte através da perda diametral do disco abrasivo.

No outro ensaio houve aumento na rotagiio do disco abrasivo, proporcionalmente & perda diametral
do disco abrasivo, mantendo-se constante a velocidade de corte.

Em ambos os casos. foram realizadas séries de 10 cortes ¢ em cada uma delas cronometrado o
tempo de corte. No final de cada série. foi medida a perda diametral do disco abrasivo e calculado o
tempo de corte médio.

Sendo constante o espaco percorrido pelo disco abrasivo durante o corte. este foi dividido pelo
tempo de corte médio para a determinagdo da taxa temporal de penetragio do disco abrasivo no material
{\r',).
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Estas séries foram repetidas até que o didmetro do disco abrasivo chegasse a 170,00 mm, que
corresponde a maxima utilizagao possivel do disco abrasivo para cortar o material.

A relagio G foi determinada medindo-se o volume de disco abrasivo gasto, a partir da perda
diametral, e o volume de material removido, pelo nimero de cortes.

Resultados e Discussao

A Figura 3 apresenta as relagoes entre velocidade de corte e volume de matenial removido e disco
abrasivo gasto durante os ensaios.
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Fig.3 Relag@o entre Volume de Material Removido e Volume de Disco Abrasivo Gasto

Nesta figura, pode-se notar que o volume de material removido e volume de disco abrasivo gasto
sdo praticamente iguais quando utilizou-se velocidade de corte constante ou varidvel. Quando a
velocidade de corte € varidvel, hd uma tendéncia de decrescimento das curvas de forma quase linear,
tanto de material removido como de disco abrasivo gasto. A relagio G € obtida através da tangente das
curvas, que corresponde ao coeficiente angular das retas,

Observa-se um comportamento crescente e quase sobreposto para ambas as curvas, mostrando uma
semelhanga muito préxima na relagio do volume de material removido com o volume dos discos
abrasivos gastos, mesmo sendo os discos abrasivos submetidos a diferentes velocidades de corte. O fato
da velocidade de corte ser varidvel. ndo afetou a relagio entre o volume de material e disco abrasivo
gasto.

Os coeficientes angulares das retas da Fig. 3 sdo praticamente os mesmos, significando que os
desgastes (material e disco abrasivo) sdo proporcionais e o comportamento da relagio G é constante e
idéntica para ambos os casos, Desta forma, ndo houve influéncia da velocidade de corte no
comportamento da relagio G, quando foram controladas as forgas de corte pela rotagdo do motor de
acionamento. Este fato jd era esperado pois ndo houveram sobrecargas nos grios abrasivos que
proporcionassem a liberagio antecipada destes da superficie de corte do disco abrasivo.

Com velocidade de corte varidvel, o mimero de cavacos arrancados por unidade de tempo é
progressivamente diminufdo. Um nimero menor de graos abrasivos remove menos cavacos com maior
espessura, Portanto, o volume de material removido diminui com o tempo de corte,

Quando a velocidade de corte é mantida constante, o nimero de cavacos arrancados por unidade de
tempo também € constante e com espessura de cavacos menor. Desta forma o tempo de corte € menor e
as forgas por grao abrasivo sdo melhor distribuidas. Isto pode ser confirmado através da andlise da Fig.
4, onde o volume de material removido na unidade de tempo é maior quando a velocidade de corte é
constante.
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O comportamento da velocidade ¢ idéntico até o diimetro do disce abrasivo {254 mm inicial)
chegar a 241 mm. A partir deste valor, o tempo de corte passou a sofrer alteracfes pela agio das
maodificagdes nos fendmenos de corte. A diferenga no tempo de corte entre as duas situagdes ensaiadas
{velocidade de corte constante e varidvel) é de 49.63%.
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Fig.4 Relagao entre Volume de Materlal Removido e Tempo de Corte

Na Figura 5 € apresentada a relagdo entre V /V, com o tempo de corte.
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Fig.5 Relagho entre V;/V, e Tempo de Corte

Pode-se notar que para ambos os casos as curvas tendem a ser crescentes, porém de formas
distintas. Diminuindo-se progressivamente o didmetro dos discos abrasivos, o nimero de grios
abrasivos ativos no comprimento de contato, diminui. Ocorre entdo a geracdo de cavacos com maior
espessura. Desta forma, as relagbes V /V_ tendem a ser crescentes para ambos os casos pelo aumento
da espessura do cavaco, em conseqiiéncia da perda diametral.

Quando a velocidade de corte € varidvel, a inclinag@o da curva é menor e o tempo para remover um
determinado volume € maior. Isto ocorre pelo menor mimero de cavacos arrancados por unidade de
tempo. A relagio V; /V_ cresce predominantemente pela diminui¢do de V.. O comprometimento
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térmico do material cortado ¢ maior e a taxa temporal de penetragio do disco abrasivo no material é
menor.

Para velocidade de corte constante, a inclinagio da curva é maior e o tempo de corte menor, pelo
maior numero de cavacos arrancados por unidade de tempo. Neste caso, a relagio Vi /V, cresce de
forma mais acentuada. O crescimento da relagio V; /V, ocorre somente pelo aumento de Vi, que
proporciona o aumento da espessura equivalente de corte, e consequentemente da espessura do cavaco
arrancado, ¢ necessita de um menor tempe para a remogio de cavacos. Isto evita aquecimento excessivo
da pega pelo menor tempo de contato,

Aumentando-se a taxa temporal de penetragio do disco abrasivo no material, aumenta-se a
espessura equivalenie de corte, que € proporcional a espessura mixima do cavaco arrancado.

Conclusoes

Deste trabalho pode-se concluir que o volume de material removido e a perda diametral dos discos
abrasivos sio praticamente iguais quando se utiliza velocidade de corte constante ou varidvel.

A velocidade de corte influencia significativamente o tempo de corte, pelas modificagdes da
fenomenologia de core provocada pela superficic de corte do disco abrasivo no material. Para
velocidade de corte constante, o nimero de cavacos arrancados por umidade de tempo € constante e com
espessura menor. Para velocidade de corte varidvel, o nlimero de cavacos arrancados diminui com o
tempo de corte e a espessura do cavaco é maior.

A velocidade de corte ndo influencia no volume de material removido e volume de disco abrasivo
gaslo, mas afeta diretamente o nimero de cavacos arrancados por unidade de tempo.

A espessura equivalente de corte h__, que estd diretamente relacionada com a espessura do cavaco
arrancado pelo disco abrasivo, foi observada durante os ensaios através de relagdo V¢ /V . Portanto,
trata-se de uma relagdo que, neste trabalho, foi analisada experimentalmente e pode-se verificar que
exerce influéncia no comportamento do disco abrasivo.

A relagdo V¢ /V aumenta com o tempo de corte para as duas condigdes de velocidade de corte. Para
velocidade de corte varidvel, a relagio V; /V_ aumenta de forma lenta. O tempo de corte é maior,
aquecendo mais a pega pelo maior tempo de contato. Para velocidade de corte constante, a relacio
VIV, cresce de forma mais acentuada. que corresponde ao aumento de V. Neste caso os danos
LErmicos sao menores.

A otimizagido da vida dos discos abrasivos, contrelando-se a rotagio do motor de acionamento, € de
facil implementagio no meio industrial e permite ganhos significativos no tempo de corte (49,63%).

Usualmente as maquinas utilizadas em operagoes do tipo “cut-off™ nio possuem controle da rotagio
do eixo drvore, Isto faz com que a velocidade de corte seja sempre varidvel, aumentando o tempo de
corte. Isto torna o corte oneroso pela diminuigdo do mimero de cavacos arrancados por unidade de
tempo. Uma andlise financeira especifica para cada caso industrial, pode ser itil para economia e
melhoria no desempenho de discos abrasivos, jd que para a utilizagio de velocidade de corne constantes
sf0 necessdrios investimentos na aquisi¢io de um conversor de freqiiéncia e equipamenios de protegio
para a maquina e, principalmente, seu operador.

Agradecimentos

Manifestamos  nossos  agradecimentos ao  CNPg  (Conselho  Nacional de Pesquisa e
Desenvolvimento), FUNDUNESP (Fundacdo Para o Desenvolvimento da UNESP) e 4s empresas
NORTON ¢ KOHLBACH pelo apoio material e técnico gentilmente cedido para a realizagio deste
trabalho.

Referéncias

Abriio. AM., 1991, “Sistema para avaliagio de desempenho térmico de pares rebolo - pega em retificagio”, Sio
Carlos: EESC, Dissertagio Mestrado em Engenhana Meciinica.



576 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, December 1997

Bianchi, EC., 1992, "Agdo da geometnia tedrica do cavaco no desgaste de rebolos de CBN com ligante resinéide”,
Sio Carlos: EESC. Tese Doutorado em Engenharia Mecdnica.

Bianchi. EC.: Yokoyama, EM.; Sanchez, L.E.A.; Gongalves, G.M.B.; Kobayashi, Y.; Fernandes, O.C.: Valarelli,
1.D.D.; Aguiar, P.R., 1996, “Otimizacio do processo de corte com discos abrasivos”, Congresso Norte Nordeste
de Engenhania Mecinica, IV. Recife/PE, pp 301-306.

Hahn, R.S., 1955, “The effect of wheel-work conformity in precision grinding", Transaction of the ASME. Val. 77,
pp.13-25,

Malkin, 5., 1989, “Grinding technology: theory and applications of machining with abrasives”, England: Ellis
Horwood limited, 275p.

Peters, I, Decneut, A., 1975, “L'espaisseur de coupe equivalente, parametre determinat in rectification”,
Mechanigues Materiaux Eletricité, Vol. 58, No. 310, pp. 22-30.

Snee, J.. 1991, “Are You Making the Most of Your Cut-Off Operation?”, Welding Journal, pp. 60-62.



RBCM - J. of the Braz, Soc. Mechanical Sciences ISSN 0100-7386
Vol. XIX - No.4 - 1997 - pp. 577-588 Printed in Brazil

Fresotorneamento: Alguns Conceitos e
Resultados Experimentais

Turn-Milling: Some Concepts and Experimental Results

Olivio Novaski

Eduardo Silva Lisboa

UNICAMP - Universidade Estadual de Campinas
Faculdade de Engenharia Mecanica
Departamento de Engenharia de Fabricagao
13083-970 Campinas, SP Brasil

Abstract

This work presents the concepts and defininons of a combined machining process, so called wrn-milling. Several
methods of mum-milling are presented with major emphasis on the orthogonal process, studied experimentally. Test
specimens made of ABNT 52100 bearing steel, with average hardness of 60-61 HRc were machined. The cutting tool
material applied was mixed ceramic inserts. Several feed rate, foel diameter and rotational speeds of workpiece and
taol were tested. Tests were conducted on o CNC lathe which had a milling head coupled to it. This coupling was
made on the transverse carrier, figuring an orthogonal exposure of the rotating axes for workpiece and tool, thus
characterizing orthogonal turn-milling. The achieved results showed that work quality and low roughness values can
be obtained; howewer, the technology must be better investigated.

Keywords: Machining, Turn-Milling, Mixed Ceramics.

Resumo

Este trabalho procura apresentar os conceitos e defini¢oes a respeito de um processo de usinagem combinado, entre
torneamento e fresamento, denominade de fresotorneamento, Desta forma, sdo apresentados os métodos de
fresotorneamente, dando-se énfase ao método ortogonal, que foi objelo de andlise experimental. Neste aspecto.
foram usinados corpos de prova de aco rolamento ABNT 52100, com 60-61 HRc de dureza. Ulilizou-se pastithas de
cerdmica mista, variando-se os pardmetros: avango, didmetro da fresa, rotacées da peca € da ferramenta. A
mdquina empregada nos ensaios foi um torno CNC, ao qual foi aceplado um cabecote fresador, Este acoplamento
foi feito no carro transversal, configurandeo os eixos de rotagdo da peca e ferramenta na disposicdo ortogenal,
caracterizando, portanto, um fresolorneamento ortogonal. Os resultados alcancadoes mostraram ser possivel atingir
boa qualidade de rrabalho e rugosidade baixa, todavia, ainda hd necessidade de um melhor entendimento do
Sfendmena.

Palavras-chave: Usinagem, Fresotorneamento, Cerdmica Mista

Introducgéao

Fresotorneamento ¢ um processo combinado de usinagem. em que uma fresa usina uma pega
rotativa, segundo varias possibilidades (Fig. 1).

£

Fig. 1 Fresotorneamento: a) Ortogonal Externo Concordante; b) Fresotorneamento Coaxial Interno
Discordante; c) Fresotorneamento Excéntrico e d) Fresotorneamento Periférico (Sandvik, 1994)

Manuscript received: September 1996. Technical Editor: Leonardo Goldstein Jr.
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Este processo pode ser utilizado para usinar pecas excéntricas, superficies conicas, cilindricas ¢
furos internos. O processo requer maquinas ferramenta, com fungdes peculiares ao processo, como por
exemplo, tornos adaptados para este fim.

O principio do fresotorneamento é obtido através dos movimentos relativos da fresa e pega
simultineamente, onde a velocidade de corte (v.) ¢ dada pela velocidade periférica da fresa. A rotagio
da pega (n,), em combinagdo com o avango axial da ferramenta (f), resulta na velocidade de avango (v,).
Portanto, o fresolorneamento € um processo de usinagem composto por dois movimentos: o de corte e ©
de avango, sendo que, o movimento de avango € subdividido em movimentos axial (devido ao
deslocamento linear da ferramenta) e rotacional (devido a rota¢do da peca).

Pode-se dividir o fresotorneamento em dois métodos (Fig. 2):

e Ortogonal: o eixo da ferramenta ¢ disposto de forma ortogonal em relagdo ao eixo de rotagio da
pega.

e Coaxial: 0 eixo da ferramenta é disposto de forma paralela em relacio ao eixo de rotagdo da pega.

FRESOTOR - =
NEAMENTO DISCORDANTE CONCORDANTE

ORTOGONAL

COAXITATL,
EXTERNO

COAXIAL
INTERNO

Fig.2 Possibilidades de Arranjo para Fresotorneamento (Schulz, 1990)

Os cavacos formados no processo de fresotorneamento ortogonal. objeto do presente trabalho,
diferenciam-se daqueles formados por outros processos. No torneamento os cavacos apresentam largura
e espessura constantes e no fresamento apresentam a forma de virgula, com largura constante e
espessura varidvel. No fresotorneamento ortogonal os cavacos formados apresentam larguras e
espessuras varidveis (Wand, 1985; Schulz e Daniel, 1993) (Fig. 3). O volume de material usinado por
ambas as arestas (principais ¢ secunddrias) é dependente dos parimetros de usinagem, tais como
excentricidade, mimero de dentes, velocidade de avango, velocidade de corte, etc..

Com a hinalidade de se determinar a secgdo de corte, desenvolveu-se na TH Aachen (Konig e
Wand, 1985; Wand, 1985, Konig e Wand, 1986) um programa para simulagio do processo, que
determina a espessura e a largura do cavaco, em fungao do angulo de rotagio da fresa (Fig. 3).
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Fig. 3 Variagio da Espessura do Cavaco ao Longo da Aresta, Durante o Giro da Fresa
(Adaptada de Wand, 1985)

Wedeniwski (1984) descreve o processo de formagio do cavaco, no qual a espessura aumenta até
um mdximo, para diminuir no final. Para a largura, hd um comportamento semelhante. Além disto, ele
apresenta a influéncia dos vidros parimetros de usinagem, na formagio do cavaco. Sorge (1983)
descreve a geometna do cavaco, de maneira qualitativa, e despreza o volume formado pelas arestas
secunddrias. Ele apresenta uma férmula para a determinagdo do comprimento do cavaco, em fung¢io do
nimero de dentes da ferramenta e da relagdo de rotagdes entre a ferramenta e a pe¢a. Lehman (1992)
descreve também a geometria do cavaco, formada pelo processo de fresotorneamento (Fig, 4).

e g

<
S hg)

oA

Fig. 4 Geometria do Cavaco Formado pela Aresta Principal de Corte
(Adaptado de Lehman, 1992)

Fresotorneamento Ortogonal

O fresotorneamento ortogonal pode ser conduzido de maneira centralizada ou excéntrica (Fig. 5).
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Fis

Fig. 5 Meétodo Excéntrico e Centralizade de Fresotorneamento
(Sandvik, 1994 )

O fresotorneamento centralizado faz com que o avango por volta (f) seja limitado pelo comprimento
da aresta cortante (1) e ao se empregar o método excéntrico, pode-se utilizar avangos maiores, que
atingem seus valores maximos na configuragio mostrada na Fig. 6, caso C, onde “¢” é a excentricidade,
permitindo a retirada de maiores volumes de cavaco. Portanto, o avango axial pode ser aumentado, até
alcangar um valor igual ao comprimento projetado da aresta secunddria na pega, sem que a mesma
perca sua forma cilindrica. Neste caso, atinge o seu valor miximo, porque o contato entre a pega ¢ as
arestas secunddrias, alcanga seu comprimento mdximo. Pode-se calcular, de maneira aproximada o
avango maximo possivel, como sendo (Konig e Wand, 1984):

Lot = Z41222° 1 )13

Aumentando-se ainda mais a excentricidade (Fig. 6-D), o avango miximo possivel de ser
empregado volia a um valor minimo, pois nesta excentricidade, jd niio ¢ possivel se obter superficies
cilindricas, uma vez que praticamente nio hd mais contato entre a superficie cilindrica da pega e as
arestas secundarias da ferramenta.

Diretamente dependente do valor da excentricidade € o valor do raio do contorno (R) (Fig. 6). No
modo centralizado, o raio obtido na peca € a reprodugio do proprio raio da pastilha, que aumenta de
valor & medida que se aumenta a excentricidade.

Fig. 6 Possibilidades de Arranjo no Fresotorneamento Ortogonal
{Kénig e Wand, 1984}
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Dos quatro casos apresentados na Fig. 6, o caso “C” é, portanto, o que possibilita a maior taxa de
remogdo de material. Desta forma, tem seu emprego mais recomendado para pegas de dimensdes
grandes, onde se necessita alta taxa de remocio de material (Strate, 1984).

Influéncia do Desvio Axial na Qualidade da Superficie

Normalmente as arestas de uma fresa possuem tolerincia de posicionamento das pastilhas nos seus
respectivos alojamentos. Assim, ocorrem irregularidades na estrutura das superficies. A geometria da
superficie é gerada somente pela aresta de corte mais préxima da peca (Fig. 7). Em ensaios realizados
por Daniel (1994) com fresas de dois dentes, o desvio de posicionamento axial relativo de um dente a
outro influenciou a rugosidade, conforme mostra a Fig. 8.

Situagéo ideal Pequeno desvio Desvio axial
desviao 0 axial maximo

Fig. 7 Influéncia do Desvio Axial na Qualidade de Superficie
(Daniel, 1994)

Rugosdade Rz [um)

| T
uma aresta ccrhrte ¢

B i .,

duas arestas cortantes, com
desvio axial crescente

2 :--;-unu.-u-l AELLEEE Y

-

e duas oo s
desvio axial T

s} 2 A & 8 o]
Desvio sxial [wm)]

Fig. 8 Influéncia do desvio axial entre dois dentes na qualidade de superficie
(Daniel, 1994)

Percebe-se da Fig. 8, que se bem posicionados os dentes da fresa, uma ferramenta com duas arestas
cortantes proporciona um melhor nivel de rugosidade do que uma fresa de apenas um dente. Na pior das
hip6teses, proporciona uma rugosidade semelhante & uma fresa de apenas um dente.

Influéncia da Velocidade de Corte no Processo

A dureza da ferramenta de corte deve ser cerca de trés vezes maior que a dureza da peca
(Nakayama, 1988). Isto implica que, para se usinar agos endurecidos, um dos campos promissores para
a utilizagio de fresotorneamento, deve se utilizar ferramentas de dureza elevada. Porém, tais
ferramentas tem a desvantagem de serem frigeis (Ferraresi, 1989), tendendo a trincar sob velocidades
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de corte similares as usadas pelo metal duro sem cobertura. Portanto, deve-se usar velocidades de corte
para a usinagem de agos endurecidos em torno de 200 a 600 m/min, o que caracteriza a operagio como
usinagem em alta velocidade (Schulz e Moriwaki, 1992). As tensdes de escoamento do material
diminuem com o aumento da temperatura, e a deformagio pldstica, que envolve escorregamento dos
contornos de grao, faz com que o material se comporte como um fluido viscoso, facilitando o corte. A
temperatura, jd elevada pelo efeito da deformagiio pldstica, aumenta ainda mais com o aumento da
velocidade de corte, facilitando as condigdes de deformagdo, na regido de aderéncia, diminuindo o
esforgo de corte (Machado, 1991 a.b).

As velocidades de corte que proporcionam uma vida econdmica da ferramenta devem estar dentro
de campos relativamente estreitos, pois para o corte de materiais duros as ferramentas empregadas sdo
em sua maioria extremamente frigeis, e os materiais frigeis apresentam um aumento da tenacidade e
uma diminui¢io da dureza com o aumento da temperatura. Em decorréncia, a faixa de velocidades na
qual € vidvel a usinagem de materiais endurecidos é mais sensivel & variagio da velocidade de corte, do
que em casos de usinagem de materiais nao endurecidos.

Influéncia do Avango por Dente na Vida da Ferramenta

Os avangos recomendados, para a operagio de fresotorneamento, se situam entre 0.10 e (.15 mm/v.
segundo relatado por Schulz e Kneisel (1994).

Justificativas para o Emprego do Fresotorneamento
O fresotorneamento pode ser empregado com vantagens nos casos em que (Sandvik, 1994);

e ¢ dificil o controle de cavacos provenientes da usinagem de grandes diimetros. em materiais
dicteis, uma vez que, o fresotorneamento produzird cavacos curtos, em gualquer material;

® usinagem em pegas com estruturas instaveis (pegas delgadas);

= necessidade de se ter uma vida da ferramenta que dure pelo menos a usinagem completa de um
componente,

e operaghes de acabamento em pegas de grandes diimetros, tratadas termicamente, e ndo
possiveis de serem usinadas por torneamento, pois permite que a rotagio da peca seja pequena.

Além disso, apresenta as seguintes caracteristicas (Schulz, 1990):

e possibilita altas velocidades de corte, superando os fatores limitantes do torneamento e
fresamento, como por exemplo a forga centripeta na placa e na ferramenta, respectivamente;

e hi pequenas oscilagdes de frequéncia no eixo drvore devido 2 baixa rotagio da pega,
possibilitando a usinagem de pegas de parede fina, sem deformagdes por forgas centripetas.

A origem do desenvolvimento do processo de fresotorneamento se deu no fim do século dezenove,
Tilghman (1889) substituiu a ferramenta de barra por uma fresa frontal, a fim de reduzir o efeito da
temperatura, no corte interrompido. Na primeira metade deste século, o fresotorneamento continuou a
ser desenvolvido. Nos anos 50 foi empregado pela primeira vez o fresotorneamento ortogonal. A partir
do inicio dos anos 80, o processo comegou a ser pesquisado nas universidades e a partir dos anos 90, o
fresotorneamento ortogonal comegou a ser empregado com altas velocidades. As primeiras publicagdes
apresentando resultados de pesquisas conduzidas em fresotorneamento surgiram em 1983 (Sorge, -
1983), resultado de pesquisas iniciadas na TH Darmstadt. Posteriormente surgiram outras publicagoes
analisando diversos aspectos do processo (Strate, 1984; Konig e Wand, 1985; Svenningson, 1989).

Procedimento Experimental

Materiais e Equipamentos Utilizados

Os corpos de prova usados ao longo do ensaio foram previamente manufaturados em um torno
paralelo universal mecinico. Usou-se, para isto, barras laminadas de aco ABNT 52100, com 50 mm de
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iametro, classificado como ago rolamento, para aplicagbes onde se necessita de témpera profunda, tais
omo rolos, esferas, agulhas, e pistas internas e externas (Silva e Mei, 1988).

Ap6s a usinagem, os corpos de prova foram submetidos a tratamento térmico de témpera e
evenimento para a dureza de 60-61 HRC.

O material possui a composigdo quimica apresentada na Tabela 1, obtida através de andlise quimica.

Tabela1 Composicdo Quimica do Aco ABNT 52100

C Si Mn P S Cr Ni Mo Cu Al
1,040 0,190 0,310 0,016 0,010 1,500 0,090 0,030 0,130 0,030

A Figura 9 mostra a geometria do corpo de prova, bem como suas dimensdes em milimetros (mm).

Fig. 9 Forma Geométrica e Dimensdes do Corpo de Prova em mm
{Sem Escala)

Para a realizagdo dos ensaios foram utilizadas pastilhas de cerdmica SPK - Feldmiihle, com formas
tamanho SNGN 12 04 12 T 020 20, & base de 6xido de aluminio com carbeto de titdnio disperso na
natriz (ALO, / TiC) (Catdlogo SPK, 1990).

Foram utilizadas fresas especificas para o processo. Para isto, procurou-se seguir as recomendagdes
e Schulz e Moriwaki (1992) (Tabela 2). O material empregado para confeccionar as fresas foi ago
A\BNT 52100, temperado e revenido & 58 HRc.

As fresas sdo duplo negativas, ou seja os dngulos de saida dorsal vy, e de saida lateral vy, sdo
egativos, Neste tipo de fresa sio usadas pastilhas neutras, tornando-as adequadas 3 usinagem de
nateriais endurecidos ou que requeiram maior resisténcia ao impacto. Este tipo de locagao da pastilha é
xigéncia dos materiais cerimicos, que desta forma trabalham sob compressdo, situagdo em que so
nais resistentes a fratura.

As caracteristicas das fresas utilizadas estdo apresentadas na Tabela 2.

Tabela 2 Caracteristicas Geométricas das Fresas

Procedéncia & [mm)] Angulo de Angulo de Angulo de Ndmero de Fixagao
o g saida v, (%) inclinagéo A (°) posigao ¥, (°) arestas [Z] .
Confeccionada 24 -6 -4 20 1 cone morse n° 3
Confeccionada 52 -6 -4 - s 1 cone morse n° 3

Os seguintes equipamentos foram utilizados:
e Torno ROMI CNC ECN 40 II (Poténcia do motor principal - 15 kW);

® Cabecote fresador adaptado de um cabegote retificador, com:
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+ Motor balanceado dinamicamente(Poténcia - 7,2 kW)
e Mancal com rolamentos axiais (Rotagdo critica - Ng,.=10.000 rpm}
e Rugosimetro modelo SURFTRONIC (Cut-off = 0,8 mm)

* Durémetro, marca BRIRO.

Metodologia dos Ensaios Realizados

O cabegote fresador foi montado sobre o carro transversal do torno, de maneira que o centro do
mancal ficasse perpendicular ao eixo drvore, configurando assim, o fresotorneamento ortogonal. Da
mesina maneira, os eixos da ferramenta e da pega eram coplanares, ou seja, a excentricidade "e" (valor
dimensional entre os planos que contém o eixo de rotagio da pega e ferramenta, respectivamente) foi
nula.

As condigbes dos ensaios foram as indicadas na Tabela 3.

Tabela3 Condi¢bes dos Ensaios Realizados

Ensaio Fresa Parametros de corte
1 ¢ =52 mm k=50 mm n, = 90 RPM
e=1 Ve = 288 m/min ny = 1760 RPM
Yo=-6°/hs=-4° a;=01a2mm concordante
pastilha - Al,04/TIC f=0,12 mmi m/np = 19,6
vi =10,8 mm/min
2 b =52 mm l =50 mm n,=11,2 a 850 APM
Z=1 V. = 288 m/min n; = 1760 RPM
Yo=-6°/hy=-4° a,=02mm discordante
pastilha - Al04/TiC v = 10,8 mm/min n/n, = 157,1a 2.1
f=variavel de 0,96 a 0,012 mm/v
3 t =24 mm =50 mm n, = 180 RPM
Z=1 Ve = 309 m/min ny = 4098,5 RPM
Yo=-6°/ g =-4° a, =0,2mm discordante
pastilha - Al,04/TIiC v,= 10,8 mm/mim ni/n, = 22,8
f=0,06 mm/v
4 0 =24 mm I =50 mm n, = 600 RPM
Z=1 Ve = 309 m/min ny = 4098,5 RPM
Yo=-6°/hs=-4° a, = 0.05 mm discordante
pastilha - ALOs/TiC =0,01 a 0,1 mm/rot. ni/n; = 6,8

Resultados e Discusséo

Os ensaios foram conduzidos utilizando-se duas fresas com didmetros de 52 e 24 mm, possuindo
apenas um dente, visando eliminar possiveis influéncias do desvio axial. A principio os ensaios foram
conduzidos com a fresa de ¢ 52 mm e, em vista dos resultados obtidos, projetou-se outra fresa com ¢ 24
mm.

Os ensaios foram realizados na seqiiéncia apresentada na Tabela 3. A medida que se obteve
beneficios, este foi repassado para o ensaio posterior, visando ao final, resultados melhores. Nao houve
uma necessdria dependéncia entre os ensaios, sendo que alguns deles tiveram carater observatdrio, de
forma isolada.

Ensaio 1

Este ensaio objetivou verificar o comportamento da rugosidade em fungio do aumento da
profundidade de corte. Os parimetros velocidade de corte, avango e rotagdo da peca, foram
determinados apés uma série de ensaios preliminares, tendo-se como base o trabalho de Schulz e
Kneisel ( 1994).
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A Figura 10 mostra que a rugosidade média R, aumentou de maneira aproximadamente linear até
cerca de 0,52 mm de profundidade de corte. A partir deste ponto as caracteristicas da curva mudaram, o
que leva a crer que até 0,52 mm a rugosidade foi fungdo predominantemente do processe e, a partir
deste ponto passou a assumir caracteristicas originadas da rigidez do cabegote fresador e de uma
possivel elevacio das forgas de usinagem e da maior irea de contato ferramenta-pega.

6

5 e S—— p—

4

R, [p,rn] [
g = — i ]
==

M e —

0
0,10 0,13 0,17 0,23 0,30 0,40 0,52 0,70 0,90 1,20 2,00

ap [mm]
Fig. 10 Influéncia da Profundidade de Corte a, na Rugosidade Média R,
Ensaio 2

Neste ensaio foram alterados os pardmetros: sentido do movimento (discordante), a rotagdo da pega
foi varidvel e a velocidade de avango v, foi mantida constante em 10,8 mm/min.

Para as condigdes utilizadas neste ensaio, observou-se que a medida que se aumentou 4 Totacio da
peca, a rugosidade diminuiu (Fig. 11). Este fato se did tendo em vista que, mantida a velocidade de
avango constante e variando-se a rotagiio, variou-se o avango por volta. Neste caso, o avango por volta
variou de 0,96 4 (1,012 mm/v (rotag@o da pega variando entre 11,2 e 850 rpm, respectivamente).

A velocidade de avango foi mantida constante em funcao das baixas velocidades de rotagio na pega,
pois com avango consiante, os tempos de corte seriam muito altos. Foi usado o mesmo valor da
velocidade de avango, utilizado no ensaio anterior, ou seja, vy = 10,8mm/min

Optou-se pelo método discordante para se investigar o efeito deste movimento, uma vez que, no
fresamento convencional, consegue-se melhores resultados (R, menor) com o sentido concordante (ver
Tabela 4).

Tabela 4 Efeito do método discordante

Ensaio  f (mmivolta)  a,(mm) Ra (um)
1- conc. 0.12 0.2 1,25 (interpolagao)
2 - disc. 0,12 (v¢= 10,8 a 90 RPM) 0,2 2,3 (interpolagao)
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Fig. 11 Influéncia da Rotacdo da Pega na Rugosidade Média R,
Ensaio 3

Para as mesmas condigdes do ensaio anterior apenas o didmetro da ferramenta foi alterado a fim de
se verificar o comportamento da rugosidade. A velocidade de corte foi alterada em 7%, em fungio do
jogo de polias disponivel, A rotagio da pega neste caso foi de 180 rpm. Observou-se, que com o
decréscimo do didmetro da ferramenta em 117% a rugosidade decresceu em 17% (Tabela 5).

Tabela 5 Influéncia do didmetro da fresa

Rotagao dapeca  Diametro da ferramenta Rugosidade
(mm] B [mm] Ra [um]
180 52 2
180 24 17

Ensaio 4

Neste ensaio procurou se utilizar uma profundidade de usinagem menor que 0,1 mm, uma vez que,
observou-se no ensaio 1, que a rugosidade média € menor quanto menor for esta grandeza (Fig. 10).
Assim, utilizando-se um a, = 0,05 mm (a pe¢a sofreu uma pré-usinagem para a uniformizagio
geométrica da superficie), procurou-se, mantidos os demais pardmetros do ensaio 3, verificar o
comportamento da rugosidade média, quando se altera o avango.

A rotagdo da pega foi aumentada para 600 rpm, tendo em vista os resultados observados no ensaio 2
(quanto maior a rotagio da pega, menor a rugosidade).

Os resultados estdo mostrados na Fig. 12. Observa-se desta figura que, & medida que se aumenta o
avango, piora a rugosidade média da pega.

5 — 4
4 — —._‘
3

Rl [um]

001 002 003 004 005 006 007 008 008 010
F [mm/volta]
Fig. 12 Influéncia do Avango Axial na Rugosidade Média R,
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Com relagdo A influéncia da profundidade de corte, nota-se que, comparando os resultados do
ensaio 3, para as condigdes [ = 0,06 mm/v (v,= 10,8 mm/min & 180 rpm) e a, =0,2 mm (Tabela 5) com
os resultados do ensaio 4, para as condi¢oes f = (,06 mm/v (v, =36 mm/min & 600 rpm) e a, = 0,05 mm
(Fig. 12), que os resultados obtidos para a rugosidade foram semelhantes (R,~1,7 pm). Este fato
necessita ser melhor investigado, pois, em primeira instincia indicaria que, para o método discordante,
a profundidade ndo alteraria os valores finais de rugosidade, todavia, as rotagdes da pega foram
diferentes, sendo que, no tltimo caso, a velocidade efetiva foi maior.

Em resumo, os ensaios de | a 4, realizados com vdrias combinagdes de avango, velocidade de corte,
rotagio da pega, diimetro da fresa, etc., procuraram verificar o comportamento da qualidade superficial,
aqui caracterizada como R,, quando se utiliza o processo de fresotorneamento. Destes ensaios observou-
se que:

« A profundidade de corte a, mostrou ser um parmetro de grande importincia no fresotorneamento
ortogonal concordante. Observou-se uma tendéncia de piora da rugosidade & medida que a
profundidade de corte aumentou (Fig. 10). Isto pode ter ocorrido devido 4 uma possivel elevacio
das forgas de usinagem e da maior drea de contato ferramenta-peca, e também devido ao fato que
o cabegote utilizado ndo tinha rigidez suficiente para usinar em profundidades maiores. Em
trabalhos futuros, pretende se projetar um cabegote mais rigido.

¢ O fresotorneamento discordante, da mesma maneira que o fresamento convencional, piorou a
rugosidade (Tabela 4).

» A medida que, mantidas a velocidade de avango e a profundidade de corte constantes, se
aumentou a rotagio da pega, diminuindo portanto a relagio n/n,, diminuiu também a rugosidade.
Isto ocorreu porque, 4 medida que se aumentou a rotagido da pega, uma vez mantida a velocidade
de avango constante, o avango por volta diminuiu, diminuindo, consegiientemente, a espessura do
cavaco e as for¢as de usinagem, melhorando o acabamento, mostrando que a variagiio do avango,
da mesma maneira que no fresamento normal, melhora a rugosidade.

* A diminuigio do diimetro da fresa mostrou ser benéfica ao acabamento superficial, pelo fato que,
fresas de menor diimetro, permitem rotagbes maiores (maior rigidez) e este fato parece estar
relacionado com a melhoria da rugosidade, embora a melhoria no acabamento nao tenha sido
substancial. Tal fato também foi citado por Daniel (1994).

Embora todos os ensaios tenham sido conduzidos sem fluido de corte, apés o (érmino da usinagem
era possivel a manipulagdo da pe¢a sem o auxilio de qualquer protegio, sugerindo que a menor por¢ao
de calor gerada fica com a pega.

Conclusoes

A pesquisa sobre o processo de [resotorneamento € recente e o estudo da sua tecnologia estd ainda
em desenvolvimento, merecendo ser melhor compreendido e estudado, objetivos estes parcialmente
atingidos neste trabalho. Face as potencialidades do processo, procedeu-se a alguns ensaios
experimentais, envolvendo alguns pardmetros do processo e o estudo de sua influéncia no acabamento
da pega, aqui caracterizada como rugosidade. A semelhanca de outros processos de usinagem
conduzidos com ferramentas tendo geometria de corte definida, verificou-se a piora da rugosidade com
o aumento do avango, aumento da profundidade e o aumento do didgmetro da ferramenta.
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Abstract

The influence of carbon addition and the geometry of the applied bending test on the fracture behavior of magnesia-
carbon refractory bricks, with 5, 8 e I7 wi% of carbon, were studied. The R Curve behavior was evaluated in
samples having a single-edge natch, under three and four point bending test conditions. The tests were undertaken
under controlled displacement and stable crack propagation conditions. A comparison between two different
calculation procedures, were made. It is presented a ser procedure criterium concerning the geometry of bending test
and the calculation approach applied for the determination of R-Curve, with the objective of decreasing the
uncertainty in the measured values, Explanations for the R-Curve shape were also given.
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Resumo
Amastras a partir de tijolos refratdrios de MgO-C, com 5, 8 ¢ 17% em pese de carbono, foram usadas para um
estudo da influéncia do teor de carbono e da geometria de ensaio empregada. O compor de Curva-R foi

avaliado para corpos de prova, com entalhe plano, em ensaios de flexio a trés ¢ quatro pontos. As curvas de carga
versus deslocamento foram obtidas sob condigdo de propagagio estdvel de trinca e com controle de deslocamento.
Foi feita uma comparagdo entre diferentes procedimentos de cilewlo da Curva-R, E apresentado um conjunto de
critérios para a determinagdo da Curva-R para refratdrios cerdmicos, no que se refere ao tipo de ensaio e ao
cdlculo empregado, visando diminuir a incerteza nos valores medidos. E também explicada a forma das Curvas-R
obtidas,
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Introducéao

Refratirios de MgO-C tem sido bastante utilizados na indistria de fabricagio de ago devido a sua
alta resisténcia ao choque térmico e i corrosdo. O carbono, devido as svas caracteristicas de ndo
molhabilidade, confere ao refratirio uma maior resisténcia 4 penetragdo da escoéria e do metal liquido. O
aumento na resisténcia ao dano por choque térmico deve-se ao aumento da energia total de fratura,
provocado pela agdo de mecanismos de tenacificagdo com a sua adigdo. A influéncia da adigdo de
carbono no comportamento mecinico dos refratirios de MgO-C, quanto 2 fratura, pode ser
caracterizada com a determinagio do comportamento de Curva-R, definida como a curva de resisiéncia
a propagagdo de trinca, R(a), em fungiio do seu tamanho, a (Pandolfelli et al., 1995). Além disso, é
necessdrio estabelecer um critério, referente ao tipo de ensaio e ao procedimento de cdlculo a ser
utilizado.

Métodos e Materiais

O comportamento de Curva-R indica a evolugdo da tenacidade de um material durante a propagagio
lenta e estidvel de uma trinca. ou seja quase-estaticamente. Esta condi¢do pode ser obtida através do
controle da taxa de deflexdo imposta ao corpo de prova, durante um ensaio de flexdo, assim como das
geometrias do entalhe e do teste. O critério usado para a obtengdo desta condigdo encontra-se de acordo
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com as adaptacoes feitas 4 norma ASTM-399, acrescidas ao estabelecido por Nascimento, Pandolfelli e
Rodrigues (1993). Foram empregados dois tipos de ensaios de flexdo, isto €, a 3 e 4 ponlos e
comparados diferentes procedimentos de cdlculo para a obtengdo da Curva-R.

A Curva-R foi determinada baseando-se na Mecfinica de Fratura Linear Elastica, especificamente
no balanco energélico. A taxa de liberagdo de energia eldstica armazenada, G, e a resisténecia 2
propagacdo de trinca, R, s@o definidos como (Broek, 1987):

2 2 -
:K_f’:UP_](,"_C_] )
£ || 2b | da

R=G {2)

onde, C € a flexibilidade, P ¢ a carga aplicada, a é o tamanho de trinca, b € a largura do corpe de prova,
K, € o fator de intensidadede de tensio e £'=E£/(/—v" ), sendo E 0 médulo de Young e v o
coeficiente de Poisson. Define-se K, como:

K, =Y(a/w)a-a (3)

onde, Y(a/w) ¢ um fator de forma. w ¢ a altura do corpo de prova, o ¢ a tensio aplicada. definida de
acordo com o tipo de ensaio empregado,

O procedimento de cdlculo empregado utliza a fungiio Y(ou) indicada por Wilson (1970), a seguir:

i —J72
na;:a,ods-[a-u—m ] @)

onde, & = a/w, ¢ o comprimento relativo da trinca. Os valores mais indicados para a aplicagdo da
equagdo 4 encontram-se na ;sgiﬁo de o entre 0,50 e 0,80, podendo ser usada até o = 0,9, com um
minimo de erro. A fungio Y (a ) possue integracdo analitica.

—— Nomenclatura

a = tamanho da trinca G = taxa de liberagéo de 5 = distancia entre apoios

A = area projetada da energia elastica u = energia consumida na
fratura armazenada fratura

b = largura do corpo de K = fator de intensidadede W = altura do corpo de
prova de tenséo prava

(o] = flexibilidade Kic = fator critico de ¥ = fator de forma

Cc = carbono intensidade de tenséo Y(a) = fator de forma

Cy = flexibilidade calculada P = carga aplicada Y(a/w)= fator de forma
para um corpc sem P, = carga aplicada o = tamanho relativo da
entalhe trinca

D, = deslocamento do ponto B,ac = valor médio da carga a = tamanha relative da
de carga maxima trinca

Dyac = valor médio do R = resisténcia a Ywof = energia total de fratura

; propagagao de trinca

E = gfdsész;: f;'tgurzgxlma Rla) = resisténciaa Yuos = valor médio da energia

e = disténcia entre os prapagacao de trinca total de fratura
pontos de carga Rl) = resisténciaa v = coeficiente de Poisson

E' = modulo elastico propagagao da trinca ¢ = tensdo aplicada

=
]

valor médio de R
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Substituindo-se a Eq. (3) na Eq. (1), rearranjando-se os termos e integrando de um lado em o e de
outro em C. obtem-se que:

T T P’ E
j}"?(cx’}-cx’-da'zj' . . [ 2] .dc (s)
: o 2bw I-v

2]

Substituindo-se a Eq. (4) na Eq. (5), integrando-se e resolvendo-se para @, obtem-se uma expressio
geral para o tamanho relativo de trinca, em fungdo da flexibilidade, como se segue:

=i/2

2. p? ( E }
a(C)=1~|1+ - : {c-c¢ (6)
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onde C representa os valores experimentais instantaneos da flexibidade e Cp simboliza a flexibilidade
calculada para o mesmo corpo, porem sem entalhe. Os valores de C sdo obtidos experimentalmente,
aplicando-se a técnica, aqui denominada de Linhas Radiantes (Hiibner, 1991). Nesse caso. ns valores de
C sio determinados a partir dos reciprocos da inclinagdo das retas, tragadas da origem até os diferentes
pontos da curva de carga versus deslocamento, ( P, D; ). Essa curva € obtida através de ensaio de
flexdo, com cerregament~ *nico e propagagio guase-estdtica de trinca. Define-se C{ F. D, ) através da
relagao: C( P.D; = D,/ F, Os valores de Cy siio calculados, de acordo com a geometria do ensaio de
flexdo empregado, através da seguinte relagio:

S—ef-(S+2-
Co{{ ef (52 e;} -
4-E' - b-w

onde, S e e sdo as distdncias entre apoios e entre os pontos de carga, respectivamente. O valor de e €
igual a zero para ensaios de flexdo a 3 pontos.

Os valores de médulo eldstico utilizados neste trabalho foram obtidos através de um programa
computacional iterativo, no qual combinam-se as Eqgs. (6) e (7). Partindo-se de um valor sugerido para
E’, verifica-se se o valor calculado de Cj (Eq. (7)) gera, através da Eq. 6, o correto valor do tamanho
relativo do entalhe, ¢, . Para isso, a Eq. 6 tem de ser ocupada com o valor de C igual & flexibilidade
inicial do corpo de prova, com entalhe. Esse valor de C € obtido do reciproco da inclinagio da regido
eldstica da curva carga versus deslocamento para o corpo com entalhe. Sendo o valor de @, ndo
satisfatorio, varia-se o valor de E' e se repete o procedimento até que se obtenha o valor correto para o
tamanho relativo do entalhe. Assim, o correspondente valor de E’ serd adotado como o valor correto
para aquele corpo de prova.

Os valores de R sdo, finalmente, obtidos combinando-se as Egs. (2), (1), (3) e (4), que resvlta na
SEguInte EXpressao.

A T SO
Ria)= (0665) o w-(1-v) ] = ®
E {1-0)

onde o é substituido de acordo com o tipo de ensaio de flexdo empregado. O valor de ¢ é calculado
através da Eq. 6. como explicado anteriormente. Deste modo obtem-se finalmente a Curva-R.

Outro parimetro muito importante dentro do coneeito da fratura quase-estatica é a energia total de
fratura, ¥ wof + que € definida por (Pandolfelli et al. (1995); Nakayama (1965)):

vl R
Yweor = [ﬂj| = ? (%)
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onde, U € a energia consumida na fratura, A € a drea projetada da fratura (sec¢io transversal do corpo
de prova no plano do entalhe) ¢ R € o valor médio de R calculado sobre todos os pontos da Curva-R
(Pandolfelli et al., 1995).

Os corpos de prova utilizados foram cortados e retificados a partir de tijolos de MgO-C, com 5, 8. e
17%-p de carbono, para os ensaios de flexdo a 3 e 4 pontos, com dimensdes de 35x35x180 mm’. Parte
do carbono presente no material vem do piche, que ¢ usado como ligante, e parte vem da adicdo de
grafite na forma de flocos. Os tijolos empregados neste estudo foram curados a uma temperatura de
400 °C. Os entalhes com profundidades relativas entre 0,40 ¢ 0,47, foram feitos com o auxilio de um
disco de corte diamantado de 400 pm de espessura, Os ensaios foram realizados numa méquina
universal de testes mecnicos, MTS-810, Modelo-458.20, configurada para ensaios de flexdo a 3 e 4
pontos, de acordo com adaptagoes feitas a norma ASTM-D-790. Usou-se uma célula de carga de 50 kN,
reduzida eletronicamente para 2,5 kN. A distincia entre apoios foi de S = 140mm. Para a flexfo a 4
pontos utilizou-se e = 70mm de distincia entre os pontos de aplicagdo de carga. As velocidades de
deslocamento do atuador usadas para cada composi¢io sdo mostradas na Tabela 1. Essas velocidades
530 aquelas que permitiram a propagagio quase-estdtica da trinca, em cada caso.

Tabela1 Velocidades de deslocamento usadas durante os ensaios de flex® a
3 e/ou 4 pontos, para a condigib de propagagp estédvel de trinca,
para corpos de prova com diferentes teores de carbono.

Teor de C (%) Velocidade de deslocamento
{pm/min)
5 0,5
8 1,0
17 10,0

De maneira a deduzir das curvas resultantes, de carga versus deslocamento, a influéncia das
acomodagdes e deformagdes dos acessorios de ensaio, foram realizados ensalos de miquina versus
méquina para caractenzar esses deslocamentos parasitas. Esses ensaios sdo similares aos de flexdo a 4
pontos, sendo que, neste caso. os roletes de apoio sdo ajustados de tal modo que se alinham com os
roletes de aplicagiio de carga. Entre os pares de roletes superior ¢ inferior € colocado um corpo de prova
de mesma composi¢do daquela em estudo. As velocidades de deslocamento empregadas foram as
mesmas dos ensaios de flexdo a 3 e 4 pontos (ver Tabela 1), Com isso, possiveis afundamentos dos
roletes na superficie do corpo de prova também fica caracterizado.

Portanto, as curvas finais de carga versus deslocamento que foram utilizadas para o cdlculo da
Curva-R, foram corrigidas no eixo dos deslocamentos, do deslocamento extraido da curva de maquina
contra médquina, para mesmos valores de carga aplicada. Com isso a parte superior das curvas se
deslocam ligeiramente para a esquerda, gerando valores de flexibilidade menores do que aqueles se ndo
houvesse tal corregdo.

Resultados e Discussao
Os valores médios calculados do méGdulo elastico, E, sdo mostrados na Tabela 2,

As Curvas-R apresentadas nos resultados deste trabalho sdo curvas médias obtidas a partir de quatro
curvas relativas a corpos de mesma composigiio, Portanto, para cada composigho, caracterizada por um
tipo de ensaio, obtéve-se a Curva-R média representativa do comportamento daquela composigio.
Como exemplo, a Fig. | mosira as quatro Curvas-R referentes ao material com 17 %-p de C e ensaiado
por flexdo a 3 pontos. A Curva-R média dessa composigao, para ensaio de flexdo a 3 pontos, aparece na
Fig. 2, em comparagio explicada abaixo.

A Figura 2 apresenta os resultados sobre a influéncia dos ensaios de flexio a 3 e a 4 pontos na
Curva-R, exemplilicada através da composigio com 17 %-p de C. Foi empregado na sua obtengio o
critério indicado por Magon, Rodrigues ¢ Pandolfelli (1995), de desprezar os pontos da curva carga
versus deslocamento, para os quais os valores de carga obtidos representassem uma queda maior do que
92% do valor da carga mixima atingida pelo corpo de prova. O que se vé na Fig. 2 sdo as Curvas-R
médias, como descrito anteriormente.
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Tabela2 Valores Médios de E
_ TeordeC(%)  E(GPa)
5

24+21
8 28+77
17 13+96
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Fig. 1 Curvas-R para a Composigéo com 17 % de C, para Ensaio de Flexao a 3 pontos. Cada Curva é Referente

a um Novo Corpo de Prova.
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Fig. 2 Curvas-R Médias para Ensalos de Flexéo a 3 e 4 Pontos, para a Composi¢do com 17% de C.

De acordo com Magon, Rodrigues e Pandolfelli (1995}, os mecanismos de dissipagio de energia
provocados por interagdo mecinica entre as superficies durante a fratura, quando em ensaios de flexdo,
levam a um aumento falso na energia de fratura, no final da curva. Acredita-se que este efeito é mais
acentuado para ensaios a 4 pontos. Nota-se através da Fig. 2, um aumento nos valores de R em toda a
extensdo da curva, quando em ensaios de flexao a 4 pontos. Este efeito é mais acentuado para a
composigio com maior teor de carbono, parém foi verificado em todas as composigoes.

A influéncia do teor de carbono. é mostrada nas Curvas-R médias apresentadas nas Figs. 3(a) e
3(b), referentes aos ensaios de flexio a 3 e 4 pontos, respectivamente.
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A Tabela 3 apresenta os valores médios de R(a), R, obtidos através das Curvas-R médias.
Define-se R como a drea sob a Curva-R dividido pelo intervalo correspondente de . Sdo também
apresentados os valores médios da carga méxima e os valores médios do deslocamento médximo (total),
Ppa € D, . respectivamente, obtidos através da média aritmética entre os valores determinados para
4 diferentes amostras, de cada composi¢do e tipo de ensaio. A partir da mesmas curvas carga versus
deslocamento usadas para o cdlculo das Curva-R foram também avaliados os valores da energia total de
fratura, ., . Os valoresde 2-y,,, tambem estio mostrados na Tabela 3.

Tabela3 Valoresde R, 2- Ywor v Prax € Dy, , Obtidos nos Ensaios de Flexéo a
3 e 4 Pontos, para os Diferentes Teores de C.

- = —— — = —
Tipode teste % deC P D R 2 wor

arP 5 1010+ 73 0,5+0,05 215+ 19 216+ 13

8 953 £ 13 0,5+ 0,08 243 1 56 246 + 50

17 498 + 80 1.0+0,10 250 + 48 261 +47

4P 5 2234 +15 0,3+0,04 307 + 16 205 + 20

8 1853 + 32 0,3+0,05 202+7 308 +18

17 1145 £ 85 0,8+0,08 338 +97 370+ 99

De acordo com®a Tabela 3, os valores de 2., e R apresentam boa concordincia entre si,
quando unlizado o método das linhas radiantes para determinacio da Curva-R, como discutido por
Pandolfelli et al. (1995).
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Fig. 3 Curvas-R Médias para Composigdes com 5, 8 e 17 % de C, para os Ensaios de Flexdo a: (a) 3 Pontos e
(b) 4 Pontos,
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Como pode ser observado na Fig, 3, a composigio com maior teor de carbono apresenta valores de
R. no inicio da propagagio da trinca, menores que os com menor teor de carbono. Pode-se, no entanto,
verificar através dos valores mostrados na Tabela 3, um aumento de y,,, com a adigio de carbono,
ocorrendo tanto para ensaios de flexiio a 3 como a 4 pontos. Ao mesmo tempo, ocorre uma diminui¢do
tanto no valor da carga méxima alcangada pelos corpos de prova, quanto nos valores de E (ver Tabela
2), com a adigdo de carbono. Os valores menores de E e de P,,,. sdo os responsiveis pelos valores
menores de R, para o inicio de propagagdo da trinca, de acordo com a Eq. 8. Isso ocorre porque 6 entra
ao quadrado naquela férmula. No entanto os valores de v, ¢de R, sdo maiores para composigdes
com maiores teores de carbono. Além disso, de acordo com Pandolfelli et al. (1995), composigdes com
maiores teores de carbono apresentam menores valores de K., fator critico de intensidade de tensdo,
confirmando a tendéncia para valores menores de R, no inicio da propagagdo da trinca, para a
composigio com 17% de carbono, conforme indicam as Egs. 1 e 2.

A Tabela 3 também mostra que o aumento do teor de grafite cavsa um aumento na deflexdo
méxima. Isso revela a “plasticidade™ emprestada pelo grafite, que é o principal agente tenacificador.
Mesmo diminuindo o valor de B, , 0 aumento de D, . supera este efeito causando o aumento de
Y wof » Para composigdes com maiores teores de grafite.

Esses resultados indicam ser o carbono um agente enfraquecedor, apesar de seu efeito tenacificador,
nos refratarios de MgO-C. Da natureza anisotropica do carbono decorre o favorecimento dos seguintes
mecanismos de lenacificagio: deflexdo e ramificagao de trincas, além do esfolheamento. Esse
esfolheamento, observivel na superficie de fratura, ¢ o agente enfraquecedor da resisténcia mecinica.
Por outro lado, o ganho da energia total de fratura pode ser, em determinadas situagdes, muito mais
desejdvel,

Os valores de R obtidos de acordo com o procedimento de cilculo aqui empregado, sdo similares
aos encontrados anteriormente por Magon, Rodrigues ¢ Pandolfelli (1995), para composigdes com 5%
de carbono, estendendo-se essa similaridade tambem para as outras composigbes. Naquele trabalho
referenciado (Magon, Rodrigues e Pandolfelli, 1995), a fungio Y(x) usada, indicada por Srawley e
Gross (1976), nido possuia integragdo analftica, mas indicava uma faixa de o maior de aplicagio. O
grifico tragado com a fungdo de Srawley difere ligeiramente do gréifico da fungio de Wilson e alem
disso, o programa de computagdo para o cdlculo de & em fungdo da flexibilidade experimental tem de
realizar uma integragio numérica daquela fungiio Y. A fung@o aqui usada e indicada por Wilson (1970),
facilita os cdlculos devido ao fato de ser integravel analiticamente; no entanto, os valores gerados de o
sdo bastante sensiveis ao valor do modulo elastico adotado.

Conclusoes

A adigio de carbono em refratirios de MgO-C tem um efeito ligeiramente tenacificador, que se
revela puma Curva-R mais inclinada, dificultando o crescimento da trinca, mesmo tendo seu inicio
abaixo daquele do material com baixa concentragio de carbono. Esse resultado justifica a utilizagao de
refratdrios desta classe com percentuais de carbono préximos a 17 % quando se procura maximizar a
resisténcia mecénica retida apés choque térmico. Neste trabalho considerou-se apenas os efeitos
termomecénicos decorrentes da presenga do carbono, excluindo-se os aspectos de oxidagao.

A Curva-R para estes refratdrios, determinada através de ensaios de flexdo a 4 pontos, apresenta
valores maiores de R em toda a extensio da curva, quando comparada aos ensaios a 3 pontos,

O procedimento de calculo aqui empregado facilita o método para a determinagio de Curva-R, mas
€ bastante sensivel ao valor de mddulo eldstico empregado.
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This paper presents numerical results for steady, spatially-periodic, two-dimensional, fully-developed turbulent
flows in interrupted-surface passages. The geometry of inlerest consists of an array of interrupted plates, in an in-
line arrangement, placed parallel with the main flow direction. Such a configuration can be regarded as a two-
dimensional idealization of the cores of some offset-fin compact heat exchangers. The performance of several low-
Reynolds number, two-equation linear eddy-viscosity models of turbulence is discussed in the context of a time-
averaged formulation. Simulations were carried out for a range of Reynelds numbers and one value of the plate
thickness. Numerical predictions of the friction factor and skin fnction coefficient along the plates are compared
with availuble experimental results.

Keywords: Turbulence, Periodic Flows, Control-Volume Method. Heat Exchangers.

Moura, L. M. M., and Marvillet, C., 1997, "Local Measurements in Two-Phase Flows
Using a Resistivity Double Probe Technique, RBCM - J. of the Braz. Soc. Mechanical
Sciences, Vol. 19, No. 4, pp. 458-473.

Local measurements are of primary importance for the characterization of gas-liquid two-phase flows, both for
processes control and numerical modeling validation, It is a very active research field due to the increasing number
of applications in the thermohydraulics of heat exchungers, nuclear plants, chemical processes and oil industries.
This paper presents the local measurements in a verticul upward air-water Mow using the electrical resistivity
double probe technique. The test section was a B0 mm i.d. and 160 cm long Plexiglas pipe. Five different gas
superficial velocities, ranging from 0.02 to 0.10 m/s. were used in combination with two liquid superficial
velocities of (1 and 0.10 m/s. A resistivity double probe was employed lor measuremients of the radial profiles of
void fraction, bubble frequency, bubble interface velocity, interfacial area concentration and Sauter mean diameter,
The electrical resistivity probe method consists of a instantaneous measurement of Lthe locul electrical resistivity in
the rwo-phase tlow by means of a sensor electrode. Since the circuit is opened or closed depending on whether the
sensor TP s in contact with gas or liquid, the probe behaves in principle like a switch. yielding a two-stage signal.
However, to oblain a true square wave type signals, a proper threshold voltage has to be used as a riggering
criterion. Herein the signal conditioning is discussed and the influence of the threshold level is analyzed.

With a probe with two sensors displaced axially. the bubble interface velocity could be determined from the time
delay which gave maximum correlation between the sensor responses. These values of gas velocity in conjunction
with void fractions could be integrated 1o give average gas superficial velocities. Values determined in this manner
were compared to values from the inlet gas flowrate measurements and showed an average deviation of less than
6% for bubbly flow.

Keywords: Two-Phase Flow. Instrumentation, Local Measurement, Resistivity Probe, Double Probe

Cunha, F. R., 1997, "On the Fluctuations in a Random Suspension of Sedimenting
Particles”, RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19, No. 4, pp. 474-
495.

This paper is concerned with velocity fMuctuations in a monodisperse dilute suspension of sedimenting particles
and in particular with the divergence problem of the variance with the system size. After various scaling arguments
it is described a model for suspension flow in which macroscopic mass and momentum balances are constructed to
be solved simultancously, The general model is adapted to study the problem of fluctuations in sedimentation
under conditions of low Reynolds numbers and finite Stokes numbers. The important contribution to the particle
stress associated with velocity fluctuations induced by hody forces is described using an effective viscosity, The
coeflicients of the scaling arguments for both limiting case examined (inertialess and when the inertia of the
particle i important) are also calculated.

Keywords: Velocily Fluctuations. Sedimentation, Random Suspension
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Ebinuma, C. D., and Nakayama, A., 1997, "Approximate Solution for Non-Darcy
Transient Film Condensation in a Porous Medium", RBCM - J. of the Braz. Soc.
Mechanical Sciences, Vol, 19, No. 4, pp. 496-503.

The problem of non-darcian transient film condensation adjacent to a vertical flat plate embedded in a porous
medium has been considered. The governing equation for the boundary layer thickness was obtained by an integral
method and solved approximately by the method of integral relations. [t is shown that the results are in good
agreement with those obtained exactly by the method of characteristics.

Keywords: Transient Film Condensation, Porous Medium, Convection, Boundary Layer.

Pessolani, R. B. V., and Mansur, W., J., 1997, "Adaptive Geometrical Procedure
Defined by B-Splines Applied to the Boundary Element Method", RBCM - J. of the
Braz. Soc. Mechanical Sciences, Vol. 19, No. 4, pp. 504-517 (In Portuguese).

This paper presents an adaptive procedure to minimize errors that occur in the discretization of curved boundaries.
Inttially the boundary is represented exactly by a b-spline function. Then, the curve is aproximated by a series of
quadratic elements, An error measure avails the difference between the aproximated curve and the original one,
refining areas of major error.

Keywords | Numericul Methods, Boundary Element Methods, B-Splines, Adaptive Procedures.

Simds, M. G., 1997, "Intelligent Control Based Vertical-Axis Wind Turbine System",
RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19, No. 4, pp. 518-530.
Intelligent control techmiques, such as fuzzy logic. neural network and genetic algorithm are recently showing a lot
of promise in the application of various engineering systems. The paper describes the control strategy
development, design and experimental performance evaluation of a fuzzy logic based variable speed wind
generation system that uses cage type induction generator and double-sided PWM converters. The system can feed
a unlity gnd mamtaining unity power lactor at all conditions, or can supply to an autonomous load. The fuzzy
logic based control of the system helps o optimize the efficiency and enhance the performance. A complete 3.5
kW generation system has been developed, designed and thoroughly evaluated by laboratory tests in order to
validate the predicted performance improvements. The system gives excellent performance, and can easily be
translated to a larger size in the field.

Keywords: Wind Generation, Fuzzy Control, Vertical Axis Turbine, Intelligent Control

Pesce, C. P., and Tannuri, E. A., 1997, "Stability and Dynamics of Offshore Single
Point Mooring Systems"”, RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19,
No. 4, pp. 531-552.

The Floating Production Storage and Offloading System (FPSO's) is a modern concept for floating offshore oil
exploration units, moored in deep water. “Turret” and *Mono-Buoys’ are similar types of Single Point Mooring
systems (SPM) envisaged for the stationkeeping task. Neverthless, the highly non-linear dynamic nature of this
kind of system may give rise 1o a rich behaviour scenario that may comprise from simple pitchfork point
equilibrium bifurcations to Hopf bifurcations (limit cycles). or even chactic regimes. Standard linearised stability
analysis may be not sufficient anymore to deal with the design problem. Bifurcation theory and modern system
dynamics form then a proper theoretical basis for the analysis. This paper addresses the stability problem and
discusses a number of interesting dynamic behaviors that arise in steady current, A self-excited autonomous and
dissipative non-linear system of equations governs the system dynamics. A classical *hydrodynamic derivatives’
model form the core for hydrodynamic forces description. Following Papoulias and Bermitsas (1988). some
classical results on the stability problem are recovered. Then, reinterpreting the equilibrium analysis, it is also
shown that bifurcation theory enables one not only to predict but also to qualify equilibrium pitchfork
bifurcation scenarios, if super- or sub-critical. It is shown that the algebraic sign of the third-order derivative of
the lateral force with respect to the lateral component of relative velocity governs the type of bifurcation scenario.
When super-critical pitchfork bifurcation scenario is present a condition for structural stability loss is established
and discussed. Hopf bifurcations (limit cvcles) are also presented and discussed.

Keywords: System Dynamics. Bifurcation Theory, Mooring System.
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Conti, M. B., and Souza, C. A. G. F., 1997, "Experimental Evaluation of Wave Forces
on a Circular Cylinder", RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19,
No. 4, pp. 553-566.

Vertical forces were measured on a horizontal circular cylinder in a laboratory wave flume, The flume, at the time
of measurements, was 14 m long, | m wide and ¢irca .75 m deep. The length of the cylinder was cirea 1 m, It was
positioned horizontally along the transverse direction of the tank. The diameter was 0.15 m. Two immersions of
the centerline were considered: (.15 and 0,185 m. Regular surface waves were generaled by a plunger. The range
of frequencies was approximately from 0.5 to 2.3 Hz. Their amplitudes were between approximately 0.015 and
0.03 m. These dimensions of the cylinder and characteristics of the waves are typical of a semi-submersible
pontoen in real conditions, once a geomemnc scale factor of about 1:100 is considered. The vertical force was
measured with a strain-gage transducer, and the wave elevation with a resistance wave probe. The analogical
signals were converted into digital and plotted. The experimental results were compared against Morison's
equation (1950) predictions. As expected, it was observed that the Morson’s equation results adheres to the
experimental ones in its frequency range of validity. The depth of the tank is small compared to the wave length in
the lower range of frequencies. This water depth limitation has been considered when applying Morison's
equation.

Keywords: Wave Forces, Immersed Bodies.

Bianchi, E. C., Yokoyama, E. M., Fernandes, O. C., Valarelli, |, D., and Aguiar, P. R.,
1997, "The Cutting Time with Abrasive Discs Can Be Reduced by the Control of the
Cutting Speed", RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19, No. 4, pp.
567-576 (In Portuguese).

This work presents an experimental study on the life of abrasive discs in cut-off Lype operations with two
conditions of cutting speed. The cutting time is shown with a compararive analysis of the cutting speed.
Keywords: Abrasive Discs, Cut-Off Type Operations, Cutting Speed.

Novaski, O., and Lisboa, E. S., 1997, "Turn-Milling: Some Concepts and Experimental
Results", RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19, No. 4, pp. 577-
588 (In Portuguese).

This work presents the concepts and definitions of a combined machining process, so called turn-milling, Several
methods of turn-milling are presented with major emphasis on the orthogonal process, studied experimentally, Test
specimens made of ABNT 52100 bearing steel, with average hardness of 60-61 HRc were machined. The cunting
tool material applied was mixed ceramic inserts. Several feed rate. tool diameter and rotational speeds of
workpiece and tool were tested. Tesis were conducted on a CNC lathe which had a milling head coupled to it. This
coupling was made on the transverse carrier, figuring an orthogonal exposure of the rolating axes for workpiece
and tool, thus characterizing orthogonal tum-milling. The achieved results showed that work quality and low
roughness values can be obtained, howewer, the technology must be better investigated.

Keywords: Machining, Turn-Milling, Mixed Ceramics,

Magon, M. F. A., Rodrigues, J. A., and Pandolfelli, V. C., 1997, "Characterization of the
R-Curve Behavior of MgO-C Refractories Applying Different Measurement Methods",
RBCM - J. of the Braz. Soc. Mechanical Sciences, Vol. 19, No. 4, pp. 589-596 (In
Portuguese).

The influence of carbon addition and the geomerry of the applied bending test on the fracture behavior of
magnesia-carbon refractory bricks. with 5, 8 e 17 wi% of carbon, were studied. The R Curve behavior was
evaluated in samples having a single-edge noteh, under three and four point bending test conditions. The tests were
undertaken under controlled displacement and stable crack propagation conditions. A comparison between two
different calculation procedures, were made. [t 1y presented a set procedure criterium concerning the geometry of
bending test and the calculation approach applicd for the determination of R-Curve. with the objective of
decreasing the uncertainty in the measured values. Explanations for the R-Curve shape were also given.
Keywords: Refractory, MgO. Carbon, R-Curve.
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Sixth Pan American Congress of Applied Mechanics
PACAM VI

to be held jointly with

8th International Conference on Dynamic Problems in Mechanics
DINAME 99
in
Rio de Janeiro
Brazil
4 - 8 January, 1999

PACAM | was held in 1989 in Rio dc Janeiro. Afler ten years of successful mectings (Rio de
Janeiro - BRAZIL, 1989; Valparaiso - CHILE, 1991; Sao Paulo - BRAZIL, 1993; Buenos Aires -
ARGENTINA, 1995; San Juan - PUERTCQ RICO, 1997), we are pleased to announce that PACAM will
return to Rio de Janeiro.

PACAM aims to bring together researchers, practicing engineers and students from South, Central,
and North America. However, participants from all other continents have taken part in previous
meetings and are welcome to PACAM VI. An unusual opportunity is provided for personal interaction
between workers from different geographical areas and from different branches of mechanics.

Papers on all the usual, as well as unusual, topics of mechanics are welcome. We wish to highlight
the social development: "Women in Mechanics” and the technical development: "Biomechanics”.

Sponsors:

The American Academy of Mechanics
The Brazilian Academy of Engineering
The Brazilian Society of Mechanical Sciences

Technical Sessions:

Pontificia Universidade Catélica
Rua Marques de Sao Vicente 225 Gavea
Rio de Janeiro, RJ Brasil

Accommodations:
Copacabana Beach or [panema Beach
Deadlines:

April 1, 1998 - Submission of 4-page abstract for the Congress.
April 1, 1998 - Application for travel grant for participants from the U.S. (Funding pending)
August 1, 1998 - Notification of acceptance of paper.

More information: pacam99@civ.puc.rio br
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