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Spectral Eddy-Viscosity Based LES
of Shear and Rotating Flows

Marcel Lesieur , Frank Delcayre , Eric Lamballais?, and Jorge Silvestrini

LEGI-IMG, B.P. 53, 38041 Grenoble Cedex 09, FRANCE
2 Université de Poitiers, CEAT, 86793 Poitiers, FRANCE

Abstract. We present the eddy-viscosity concept in Fourier space. For large-eddy
simulations (LES) of isotropic turbulence, EDQNM eddy coefficients are compared
with those obtained through a double filtering in spectral space. Afterwards, we
present the spectral-dynamic model, which accounts for cutoff spectra not following
Kolmogorov's law, It is applied with success to a temporal mixing layer and a plane
channel. In the latter case, we show how the pressure pdf goes from a symmetric
shape at the wall to a very skewed distribution in the channel centre, remembering
the pdf’s observed in isotropic turbulence and mixing layers.

For flows in complex geometries, we employ the filtered structure-function
model, or the selective structure-function model. The first is applied to a spa-
tial mixing layer, and the second to a backward-facing step. In the latter case, we
discuss vortex identification with the aid of the Q-criterion.

The last application concerns incompressible rotating shear layers, very im-
portant for turbomachinery and GFD applications: we show in particular in some
anticyclonic conditions a universal behaviour (both for free-shear and wall flows)
of the local Rossby number, which becomes constant and equal to —1. We explain
this result by a nonlinear longitudinal re-orientation of the absolute vorticity.

1 LES in Physical Space

We first recall the basic formalism of large-eddy simulations (see e.g. (1] for
a review). The density po is assumed to be uniform. Let G4, be a low-pass
filter, where Az is characteristic of the grid size. We define the filtered field
associated to a function f(z,t) by

Fl@,t)=f+Gaz = / f@,Gazl® - v)dy . (1)

The filter has to be chosen in order to properly eliminate the subgrid scales of
wavelength smaller than Az. It commutes with space and time derivatives if
Az is constant in space and time, which will be assumed here. Let us consider
Navier-Stokes equations

ouw 8 . __10p & g
—aT + é'z_j(utu]) - fo axi + azJ (2'/ Sl]) ) (2)
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where
1 (0u; Ou;

S” - 5 (61‘]' + az,) (3)
is the deformation tensor. Let us apply the filter to Navier-Stokes:

o1, o] 1 9p é] =

L Y ey = - S w5, ),

3t + azJ (u‘lu]) Po 31:,' + azj( VSJ +T1]) (4)
where

Ty = i — W5 : (5)

is the subgrid stresses tensor. The filtered continuity equation writes
aﬂ,-

=0 (6)

If an eddy-viscosity assumption is done, we have:
_ 1 : ‘
Tij = 2 (x,t) Sij + §T” &i; ("N

where the eddy viscosity v; has to be specified, and the LES momentum
equations write

du; 0 _ 1 8P

o ~
Bt + aTj(u;uj) = —E a: + -a'm—j[2(l/ + I/t)S,‘j] . ‘ (8)

We have introduced a modified pressure
= _ 1
P=p- —PoTu . (9)

Eddy viscosities classically used are Smagormskv s[2], the structure-function
model[3], and more recently the dynamic Smagorinsky’s model[4]

In fact, the eddy-viscosity model is just based upon an analogy with
molecular dissipation: molecular viscosity v characterizes for a “macroscopic”
fluid parcel the momentum exchanges with the surrounding fluid due to
molecular diffusion across its interface. Here, the molecular viscosity is jus-
tified through kinetic-theory models of liquids or gases which assume a
wide separation between macroscopic and microscopic scales. No such scale-
separation exists in the LES problem, where one observes in general a distri-
bution of energy continucusly decreasing from the energetic to the smallest
dissipative scales, even in inflexional shear flows with vigorous coherent vor-
tices. Hence the lack of spectral gap is a major drawback of the eddy-viscosity
assumption.

In this respect, the spectral eddy-viscosity idea is preferable, provided one
can work in Fourier space, which applies only to simple geometries.
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LES of Shear and Rotating Flows
2 LES in Fourier Space

2.1 Spectral eddy coeflicients

We assume that Navier-Stokes is written in Fourier space. This requires sta-
tistical homogeneity in the three directions of space, but we will see below
how to handle flows with one direction of inhomogeneity. Let

i;(k,t) = (;;)3/6‘“"” u(zx, t)dx (10)

(defined in the framework of generalized-functions theory) be the spatial
Fourier transform of the velocity field. We define ko = mAz~! as the cutoff
wavenumber. The filter is a sharp filter such that

F=F for |k|<kc=n/Az,f=0 for |k| > ke (11)
Let us write Navier-Stokes in Fourier space in the following form
Lk, t) + [v + wi(klkc)k di(k, t)
. AN L (12)
= —ikm (85 — 53) / (P, t)iim(q, t)dp
Ipllgl<ke

where the spectral eddy viscosity vi(kjkc) is defined by
vi(klke) ki (k, t) =
p+a=
, ik . " 1
ik (85~ 58) [T i t)im(a, 0p )

iplerlgl>ke
With this definition, the eddy viscosity may not be real. A spectral eddy-
diffusivity may be defined in the same way: one writes the passive-scalar
equation in Fourier Space as

. . p+q=k .
D (ke )+ It (KR 1) = —ik; / a;(p, (g, t)dp(14)
ot Ipl.lgl<kc
with
. p+g=k .
re(klko)k*T (k,t) = ik; i;(p,t)T(q,t)dp . (15)
|P|orIQ|>kC

2.2 EDQNM plateau-peak coefficients

Equations (13) and (15) define the eddy coefficients in terms of the subgrid
motions, which are unknown. We will in fact determine these coefficients at
an energetic level, writing the evolution equations for the kinetic-energy and
passive-scalar spectra given by a two-point closure of isotropic turbulence,
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Figurel. EDQNM spectral eddy coefficients in a 3D Kolmogorov cascade

the EDQNM! theory (see [5]). Splitting the transfers across k¢ in the same
way as done in Eqs (12) and (14) one can calculate the eddy-coefficients.
For three-dimensional isotropic turbulence, and if k¢ lies within a long k=5/3
range, it is found

1/2

vi(klke) = 0.441 Cx 32 X (k/kc) [Eg“;)] (16)
where Cy is the Kolmogorov constant, E(kc) the kinetic-energy spectrum
at kc, and X(k/kc) a non-dimensional function equal to 1 up to about
k/kc = 1/3, and sharply rising above (“plateau-peak” behaviour, see [6]).
An analogous study using the Test-Field Model (TFM)? had previously been
done by Kraichnan [7]. However, Kraichnan did not point out the scaling of
the eddy viscosity against [E(kc)/kc]'/?, which turns out to be essential for
LES purposes. The function 0.441 Cx ~3/2X (k/kc) of Eq. (16) is represented
on Fig. 1, taken from [8]. The plateau part can be obtained analytically
through leading-order expansions with respect to the small parameter k/kc.
It does in fact corresponds to a regular eddy viscosity in physical space,
as if there was a spectral gap, with the gap part (E(k) = 0) extending
up to k¢, and a Kolmogorov energy spectrum above. As for the “peak”
(Kraichnan called it “cusp”), it is mostly due to semi-local interactions across
ko (such that p << k ~ g ~ k¢), and contains also possible backscatter
contributions coming from subgrid modes p and ¢ much larger than kc. The
latter are however very small if k¢ lies in a k=5/% cascade, as can easily

! Eddy-Damped Quasi-Normal Markovian

2 This model is in fact equivalent to the EDQNM model in a Kolmogorov inertial
range.
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be shown (see [1] p 51). Fig. 1 presents also the EDQNM eddy diffusivity
and the corresponding turbulent Prandtl number, calculated in [8]. The eddy
diffusivity has also the plateau-peak behaviour, and the turbulent Prandtl
number is approximately constant (= 0.6) in Fourier space. In fact, such a
value is the highest one permitted by adjustments of the constants arising in
the passive-scalar spectrum EDQNM equation (see [5], pp 259-260, and also
[9).

2.3 LES of isotropic turbulence

We have carried out LES of decaying isotropic turbulence{10}[11][3], using
the EDQNM plateau-peak eddy coefficients defined above. Exemples of these
calculations are shown on Figure 2. Initial spectra are ~ k% in the infrared
region. One sees an initial infrared k* backscatter, well described by the
EDQNM theory (see [5] p 245). We see also the ultraviolet kinetic-energy
cascade which builds up: first, a k~%/3 slope forms at the cutoff, then it
steepens slightly and evolves towards a k=2 slope during the self-similar decay.
On the other hand, the passive scalar has a very short Corrsin-Oboukhov’s
k~3/3 range close to k¢, and a large anomalous range shallower than k™!
in the energetic scales. This range is interpreted by {3] as due to the rapid
stirring of the scalar fluctuations by the coherent vortices of such a turbulence.
The latter consist in long and thin tubes of high vorticity and low pressure,
which have been characterized numerically by various groups since the work
of Siggia [?]. On the figure, the cutoff is kc =~ 60. We have considered a
fictitious cutoff kf; = kc/2, performed a double filtering in Fourier space
across k¢ and ki: let us decompose the kinetic-energy transfers across k, as

Tsi, (k) = Toke (k) + Thy i<k (K) (17)-
where Ty, <;<kc (K) involves triad integrals such that

lp|0r|q| > le ) lpland|q| < kC' .

Eq. (17) is is the exact energetic equivalent of Germano’s identity{4] in spec-
tral space, stressing that the subgrid transfers® across ki are equal to the
subgrid transfers across kc plus “resolved” subgrid transfers across k. Fig-
ure 3 shows the eddy viscosity —(1/2)k‘2Tk:c<;<kc (k) derived from the re-
solved subgrid transfers in the calculations of {3]!, and the equivalent eddy
diffusivity for a passive scalar. Both are normalized by [E(k})/k}]*/? 1t con-
firms that the plateau-peak behaviour does exist for the eddy viscosity, but
is questionable for the eddy diffusivity. This anomaly is certainly related to
the existence of the large-scale k! scalar spectrum found above. It is shown
in [3] that the anomaly disappears when the temperature is no more passive
and coupled with the velocity within the frame of Boussinesq approximation
(stable stratification).

3 of momentum, or scalar
4 The same is obtained in [10]
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Figure2. LES of 3D isotropic decaying turbulence, from [10]
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Figure3. LES of 3D isotropic decaying turbulence, resolved eddy-viscosity and
diffusivity calculated trough a double filtering (from [3])

2.4 Spectral-dynamic model

The plateau-peak model assumed a k~3/% kinetic-energy spectrum at the
cutoff. Let us now consider spectra ox k™™ for k > k¢, with m # 5/3. We
re-calculate analytically the plateau with the same EDQNM leading-order
expansions in k/kc as above. We retain the peak shape through X (k/kc) in
order to be consistant with the Kolmogorov spectrum expression of the eddy
viscosity. The spectral eddy viscosity is now
. L Na12
w(klke) = 0.31CKk=¥2V3 o™ x (k/ko) | Zka)| (18)
m+1 ke
for m < 3 (see [3]). For m > 3, the scaling is no more valid, and the eddy

viscosity will be set equal to zero. In the spectral-dynamic model, the expo-
nent m is determined through the LES with the aid of least-squares fits of
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the kinetic-energy spectrum close to the cutoff. Within this approximation,
the turbulent Prandtl number is

Pt =018 (5—m) (19)

(see [5]).

We have applied the spectral-dynamic model to the temporal mixing layer.
Here, the spectrum allowing to determine the exponent m is calculated by a
spatial average in the computational box. In the case of an initial 3D white-
noise perturbation, statistical data concerning velocity, rms velocity fluctua-
tions and Reynolds stresses are in very good agreement with the experiments
of unforced mixing layers carried out in Stanford. The simulation with a quasi
two-dimensional forcing is less good from this standpoint. We recall that the
second case yields a vortex topology consisting of quasi 2D Kelvin-Helmholtz
billows btretching intense longitudinal hairpins, while the first one gives rise
to a helical-pairing type interaction between the big vortices (see [14][5]).

2.5 Plane Poiseuille flow

[N FRUTE PTRY RN SRS

(a) oy . (b)

7 d

4 106 70.() 30t 400
y

Figure4. Turbulent channel flow, comparisons of the spectral-dynamic model
(straight lines, h* = 389) with the DNS of Kim ([17], symbols, h* = 395); a)
mean velocity, b) rms velocity components.

We present now spectral-dynamic model results for a periodic channel.
We use a mixed spectral-compact code, the compact scheme being employed
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in the transverse direction, while pseudo-spectral methods are used in the
longitudinal and spanwise directions which are periodic. Calculations start
with a parabolic Poiseuille velocity profile, to which a small 3D white-noise
perturbation is superposed, and are run up to complete statistical stationar-
ity, assuming a constant flow rate of average velocity U,, across the section.
The channel has a width 2h. The kinetic-energy spectrum allowing to de-
termine the eddy-viscosity is calculated at each time step by averaging in
planes parallels to the walls, so that m is a function of (y,t). The code has
been validated with a DNS at h* = 160, and compares very well with purely
spectral DNS at same Reynolds, as far as the first and second-order statis-
tics are concerned. At h* = 204, the first and second-order velocity statistics
compare still well with the LES of [15] using the classical dynamic model. We
present here one LES at R, = 2hU,, /v = 14000 (h* = 389), taken from {16].
There is a grid refinement close to the wall, in order to simulate accurately
the viscous sublayer (first point at y* = 1). We have compared the calcula-
tion with a DNS at h* = 395 carried out in {17]. Figure 4 shows the mean
velocity and the rms velocity components. The agreement is very good, which
is a severe challenge for the model. Notice that the LES allows to reduce the
computational cost by a factor of the order of 100, which is huge.

3 Structure-Function Models

For many practical applications, the geometry of the domain is too complex to
allow for pseudo-spectral, or even spectral, methods to be used. In this case,
numerical schemes are formulated in physical space, and the LES subgrid
model has to be expressed in physical space also.

In fact, the cusp part of the plateau-peak eddy viscosity can be formulated
in physical space in the form of a hyperviscosity (see [18]). However, the
implementation of the spectral-dynamic model may pose some problems with
the local determination of m in physical space. Up to now, we have developed
models of the structure-function family, which we will be briefly described
here (see [1} [5] for more details). The idea of the structure-function model
proposed in Ref. [3] is to erase the peak by subgrid-energy conservation, which
yields a k-independant eddy viscosity allowing to go back to physical space.
One then takes as dissipative operator in the momentum equation

) _
252; [vsFrSis] | (20)
with
1/2
vsr(z,t) = £ cx—32 | Bk (21)
3 ke
328
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with k¢ = n/Az, where E(kc,x,t) is a local kinetic-energy spectrum, cal-
culated in terms of the local second-order velocity structure function of the
filtered field

Fy(z, A7) = (Ja(z,8) = Te + 7,122 as (22)

as if the turbulence is three-dimensionally isotropic. This yields for a Kol-
mogorov spectrum

SF(x, Az) = 0.105 C;°/* Az [Fy(x, Az))Y/? . (23)

F, is calculated with a local statistical average of square-velocity differences
between x and the six closest points surrounding = on the computational
grid. In some cases, the average may be taken over four points parallel to a
given plane. Notice also that if the computational grid is not regular (but
still orthogonal), interpolations of (23) based upon Kolmogorov’s 2/3 law for
the 2nd order structure function have been proposed by [1]. Such a structure-
function model (SF) works very well for decaying isotropic turbulence, where
it vields a fairly good Kolmogorov spectrum ([3]), better than Smagorinsky’s
model (with Cs = 0.2) and the plateau-peak models (simple or dynamic).
However, these two models are too dissipative in free shear flows, and other
models must be employed. As for wall lows, the SF model does not work for
transition in an incompressible boundary layer where, like Smagorinsky, it is
too dissipative and prevents secondary instabilities of TS waves to develop.
To overcome this difficulty, two improved versions of the SF model have
been developed: the selective structure-function model (SSF), and the filtered
structure-function model (FSF).

In the SSF, we switch off the eddy-viscosity when the flow is not three-
dimensional enough. The three-dimensionalization criterion is the following:
one measures the angle between the vorticity at a given grid point and the
average vorticity at the six closest neighbouring points (or the four closest
points in the four-point formulation). If this angle exceeds 20°, the most prob-
able value according to simulations of isotropic turbulence at a resolution of
323 ~ 643, the eddy-viscosity is turned on. Otherwise, there is only molecular
dissipation which acts.

In the FSF model [19], The filtered field i; is submitted to a high-pass
filter in order to get rid of low-frequency oscillations which affect E(kc, z,t)
in the SF model. The high-pass filter is a Laplacian discretized by second-
order centered finite differences and iterated three times. It is found

vESF (2, Az) = 0.0014 C** Az (Fy(x, Az)]/? . (24)

4 Incompressible Spatial Free-Shear Layers

4.1 Spatial mixing layer

We present FSF-based LES of spatially-growing incompressible mixing lay-
ers initiated upstream by a hyperbolic-tangent velocity profile superposed
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Figure5. LES of an incompressible mixing layer forced upstream by a quasi two-
dimensional random perturbation; vorticity modulus at a threshold (2/3)w;.

Figure6. Same as Figure 5, but with a three-dimensional upstream white-noise
forcing, low-pressure field

on the average flow, plus a weak random forcing regenerated at each time
step. The numerical code is the same as for the channel. With an upstream
forcing consisting in a quasi two-dlmensmnal random perturbation, intense
longitudinal hairpins stretched between quasi 2D Kelvin-Helmholtz vortices
are found again (Figure 5). When the forcing is a three-dimensional random
white noise, helical pairing occurs upstream, as indicated by the low-pressure
maps of Figure 6. But none of these simulations has reached self-similarity,
and they are still dependant of the computational domain size in the three
space directions. Thus calculations in bigger domains are necessary.

4.2 Backward-facing step

We consider a step of height H and expansion ratio 1.2 at a Reynolds number
UoH/v = 5100, in a configuration studied experimentally and' numerically at
Stanford (see [20) for details). A schematic view of the flow and the com-
putational domain is presented on Fig.7. A free-slip boundary condition is
used on the upper boundary, well justified with respect to the laboratory ex-
periment consisting in a double-expansion channel. The subgrid-model used
is the SSF in a four-point formulation in planes parallel to the horizontal.
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Figure?7. Schematic view of the backward-facing step computational domain

Figure8. Backward-facing step, visualization of coherent vortices with high vortic-
ity modulus and positive Q
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The computational grid is refined in regions close to the lower wall and in
the detachment region behind the step. No wall law is used. At the inlet,
we impose Spalart’s [21] mean turbulent boundary-layer velocity profile, to
which a small 3D white noise perturbation is superposed. We have an Orlan-
ski's outflow boundary condition, and periodicity in the spanwise direction.
The coherent vortices are visualized with the aid of surfaces of high vortic-
ity modulus and positive Q. The latter is defined in the following way: if
one decomposes the velocity-gradient tensor as S;; + £2;;, where S;; and (2;;
are respectively the deformation and rotational components, Q' is the second
invariant of the velocity gradient

1 1
Q= E(Qijﬂij - 5i;5i;) = Z(wz — 25i;S5i5) (25)

A well-known result is that V2p = 2Q. Indeed, the Poisson equation for the
pressure writes

V2 _ 62 . 8 Bu,- _(‘Ju,-auj_
— p—__axiazju'uj—%[uja;} -—5;;5;:_
1 1
(Sij + geiiawa)(Si + F€jiutn) =
S,-,-Sij - }2-(.02 = —2Q .

In fact, one can easily check that in a quasi 2D coherent vortex where the
isobaric lines are convex, a pressure trough in the core of the vortex implies
that the pressure Laplacian, and hence @, are in the average positive. Indeed,
let C be such a close contour. We build a small vortex tube portion of cross
section C and length [. The flux of the pressure gradient getting out of the
tube is positive, so that, due to the divergence theorem, a spatial average
of V2p within the tube is positive. Hence, @ > 0 is a necessary condition
for the existence of a depression. In practice, simulations of various types of
flows confirm that coherent vortices are well characterized by iso-surfaces of
high vorticity modulus and positive Q. Fig. 8 presents such a visualization
for the step. It confirms what we have observed by an animation: quasi 2D
Kelvin-Helmholtz vortices are shed behind the step. Then, they undergo he-
lical pairings and transform into a field of big staggered arch-like vortices
which impact the lower wall and are carried away downstream. This scenario
is confirmed by the measure of frequency pressure spectra at four positions in
the flow: (1) just behind the step, just before reattachment, just behind reat-
tachment and much further downstream. Position (1) is marked by a peak
at a Strouhal number (in units Up/H) of 0.23, corresponding to the shed-
ding of Kelvin-Helmholtz vortices. At position (2), a second peak of higher
amplitude is present at the subharmonic Strouhal number.0.12, correspond-
ing physically to helical pairing. At positions (3) and (4), the two previous
Strouhal numbers are still there, but a third peak forms at a Strouhal of 0.07,
corresponding to the well-known flapping of the recirculation bubble.
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5 Rotating Shear Flows

y (6)

Figure9. DNS of a weakly rotating mixing layer: evolution with time of the Rossby-
number profile (courtesy O. Métais).

We consider incompressible shear layers rotating with a uniform angular
velocity {2 about an axis parallel to the basic vorticity vector. Such a problem
has important applications for turbomachinery (cavitation in particular) and
in Geophysical Fluid Dynamics. We work in a relative rotating frame, where
rotation is accounted for with the aid of a Coriolis force — fz X u, where z is
the unit vector on the spanwise axis and f = 2{2. The local Rossby number
at any time is defined by

1du

“Fay
where i(y) is the mean longitudinal velocity profile. Regions with a positive
(resp. negative) local Rossby will be called cyclonic (resp. anticyclonic). We
recall also that the absolute vorticity vector is w, = w + f2, and satisfies
Helmholtz theorem in its conditions of applicability.

I synthesize here results coming both from the 3D linear-stability studies
of [22], and the DNS or LES of (23} and [16]. As in instability studies, we start

with a basic parallel velocity profile, weakly perturbed. There is a critical local
Rossby number of -1 such that:

R,(y) = (26)
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Prardan

KRR

AR

0.5

Figure10. DNS and LES of a weakly rotating channel; evolution with time of the
Rossby-number profile (courtesy O. Métais).

i) In regions where initially Ro,(y) > -1, the shear layer is two-
dimensionalized. In a mixing layer for instance, 3D perturbations are damped,
and straight Kelvin-Helmholtz billows form®. This result agrees in particular
with Proudman-Taylor’s theorem when |R,| << 1.
ii) For R,(y) < —1 (“weak” anticyclonic rotation), the flow is highly three-
dimensionalized, with production of intense Gortler-like longitudinal rolls.
They correspond to hairpins of absolute vorticity which are oriented in a
purely longitudinal plane. As a result, their spanwise vorticity component
is zero, which implies that the mean velocity profile becomes constant and
equal to f, so that the local Rossby number uniformizes to the value —1.
This is clear for the mixing layer DNS of Figure 9 (taken from [23]), and for
the channel shown on Figure 10.

It is difficult to understand why the absolute vorticity is not only stretched
but also re-oriented longitudinally. We propose here an exact analysis based

5 without stretching of longitudinal vortices nor helical pairing
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on Euler equations, where we assume z-independance®. The evolution equa-
tions (following the motion) of the absolute vorticity w, of components
wy = 0w/By — Ov/Bz,ws = OufBz,w3 + f = ~Bu/By + f is

Dw(,:?:wu (27)

;F_-_—‘ Oav v =_F=1+-_F;—2 s ‘ (28)

(29)

and

v ov | (30)
Oy 0z
Ouw dw
8y 0z

&1
il

Here, 'Fl w, lies in a purely longitudinal plane and w1ll stretch w, in this
direction, since it corresponds to

LR (31)

Let us consider now wy, the projection of w, in the y, z plane. We have

B—wn = F2 . (32)

Dt

® Indeed, the linear-stability analysis shows that there exists a longitudinal mode
which dominates shear instabilities under a Rossby of —1.
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The tensor F is in fact the velocity-gradient tensor in the y,z plane, and
can be put under the form

F2 L= Sy‘; : +§w1m X . (33)

During the linear stage of evolution, DNS of [23] concerning an anticyclonic
mixing layer of initial Rossby of -5 (at the inflexion point) show the growth of
the longitudinal mode, wi‘h absolute vortex filaments in phase and inclined
approximately 45° above the horizontal plane. This produces concentrations
of longitudinal vorticity in the y,z plane. When applied to wy, the tensor
F, will both deform it and rotate it about x in the sense of the sign of the
longitudinal vorticity. Let us assume that a nonlinear regime is reached where
longitudinal vorticity concentrations are strong enough to form vortices. The
interior of these vortices will correspond to “elliptic” regions as defined by
Weiss[24): they are such that the eigenvalues A of F5 (or -F5|t) are imaginary.
They are given by

1
2—._._
N=-2Q (34)

where Q has been defined by Eq. (25) in the more general 3D case, and con-
cerns only here the tensor 5. Remark that the “Q-criterion” does correspond
in 2D to the elliptic regions of Weiss. No such result can be shown exactly in
3D when considering the eigenvalues of the velocity gradient. However, our
simulations confirm that regions of high vorticity satisfying the Q-criterion
are vortices.

Returning to the absolute vorticity, rotation will therefore dominate dé-
formation in Egs. (32,33), and the rotation of w, around z will imply an
increase of the spanwise absolute-vorticity component (which is negative).
The Rossby number (which was lower than —1) will increase also. We have
here an interesting mechanism of self-reorientation of absolute-vorticity vec-
tor, possible only in a nonlinear regime.

6 CONCLUSION

We have presented the general framework of large-eddy simulations (LES)
carried out in spectral space, with the plateau-peak type eddy-viscosity, de-
rived from two-point closures of turbulence, and which permits to go beyond
the scale-separation assumption inherent to the classical eddy-viscosity con-
cept in physical space. We have verified for isotropic turbulence and with
the aid of a double-filtering in spectral space that the plateau-peak does ex-
ist. We have shown how to implement the plateau-peak in physical space in
terms of the combination of a regular eddy viscosity and an hyperviscosity.
We have proposed also a modification of the plateau-peak to account for
kinetic-energy spectra decaying differently from Kolmogorov at the cutoff.
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This spectral-dynamic model has been applied to the incompressible turbu-
lent channel flow with good results with respect to experiments and direct-
numerical simulations. Compared with the latter at same Reynolds number,
the LES reduces the computational cost by a factor of the order of hundred.
Returning to physical space, we have reinterpreted these models in terms
of velocity-structure functions. We have applied in particular the filtered
structure-function model to an incompressible spatially-growing mixing layer,
with possibility of controlling the topology of the flow, depending upon the
nature (quasi 2D or 3D) of the upstream perturbation. Another example of
spatial mixing layer is the backstep flow, where we have applied the SSF
model (Reynolds number 5100, expansion ratio 1.2). We have shown that
fundamental Kelvin-Helmholtz vortices are shed behind the step, undergo
helical pairing, transform into big staggered arch-like vortices which impinge
the lower wall and are carried away downstream. We have determined three
characteristic Strouhal numbers associated to the flow: the harmonic mode
0.23 corresponding to the shedding of Kelvin-Helmholtz vortices behind the
step, a subharmonic 0.12 corresponding to helical pairings between the vor-
tices, and a third one 0.07 associated to the recirculating bubble flapping.
Finally, we have shown by DNS and LES that, in rotating (free or wall-
bounded) shear flows and if rotation {2 is not too fast, that anticyclonic
shear layers organize to pick up a universal linear mean velocity profile of
gradient 2{2. These effects cannot be recovered by one-point closure modelling
methods. We have proposed a theoretical interpretation of this phenomenon

in terms of a nonlinear longitudinal self-reorientation of the absoclute-vortex
filaments.
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THE PULSED WIRE ANEMOMETER
REVIEW AND FURTHER DEVELOPMENTS

L.J.S. Bradbury
(University of Plymouth, England)

1 Introduction.

In spite of the efforts of about eighty years of fairly intensive scientific effort,
our understanding of turbulent flows is far from complete and our ability to
predict their behaviour is still very uncertain. There are no entirely rational
theories of turbulence and all the models used to predict flow development
rely on experimental data in one form or another to establish various
empirical constants used in the theoretical models. Thus, the history of
development of turbulence modelling has been inextricably linked to progress
in turbulence measuring techniques.

In the 1930's, the only significant body of data on turbulent flow development
consisted of mean velocity profiles in turbulent boundary layers and this
enabled various simple momentum integral models of turbulent boundary
layer development to be produced which relied on only one or two constants
to enable them to be used practically. However, the predictive accuracy of
these models was extremely limited and confined to situations not very
different from the experimental arrangements that had been used to provide
the empirical constants. With the development of the hot wire anemometer,
more detailed measurements of the structure of turbulent flows became
possible and higher order integral methods were developed and, with the
advent of computers that could be used to solve sets of simultaneous partial
differential equations, point momentum and energy equation methods were
developed. However, in every case, experimental data had to be used to
establish an ever enlarging set of empirical constants in the models. In many
ways, the theoretical models could be viewed as a sophisticated fitting
procedure to the experimental data which also ensured that an increasing
hierarchy of conservation relationships were also being satisfied. However,
an important drawback to the experimental data was that the hot wire
anemometer could only be used in turbulent flows with comparatively low
levels of turbulence relative to the local mean velocity and so most of the
experimental data were still confined to boundary layer flows. However, the
theoretical methods based on solutions of the Reynolds equations could be
applied to flows without this restriction but, without experimental data on
these flows, the predictive accuracy was unknown. There was therefore a
requirement for an experimental technique which could be used to study
highly turbulent flows.

Without doubt, the most important development in turbulence experimental
techniques was the arrival of {aser light scattering methods with Doppler
difference anemometry being the most important variant. With this technique
and the development of laser frequency shifting techniques, measurements
could be made in turbulent flows without any restriction on turbulence levels -
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although there were and are many practical and theoretical difficulties to be
overcome in producing high accuracy reliable data. It is also an expensive
technique and its proper application requires that the experimenter has a
good understanding of lasers, optics, light scattering theory and sampling
theory.

Another but far less well known technique that can be used in highly turbulent
flows is the pulsed wire anemometer and the purpose of this paper is to
review work that has been done on this technique and also suggest further
developments that could be made in its range of application. At the outset, it
should be made clear that the potential of pulsed wire anemometry is less
than that of laser Doppler anemometry but, on the other hand, it has certainly
enabled measurements to be made that would not have been possible

previously and there is also additional scope for further developments in the
technique.

There are three types of probe that have been used in pulsed wire
anemometry. They are (i) the crossed wire velocity probe, (ii) the parallel
wire wall shear stress probe and (iii) the parallel wire velocity probe. These
will be discussed in turn.

2.0 The crossed wire velocity probe.

This is the probe configuration that has been most commonly used. The
probe consists of three fine wires as shown in figure 1. The central wire is the
pulsed wire and on either side of this are the sensor wires with their axes
perpendicuiar to the pulsed wire. The principle of operation is very simple.
The central wire - which is typically a 9 micron Tungsten wire of about 4 mm
in length - is pulsed with a short duration voltage pulse of a few microseconds
duration. The amplitude of the voltage pulsed will be discussed later but it is
chosen to raise the temperature of the wire to several hundred degrees
Centigrade. This causes a tracer of heated air to be released into the flow
which is convected away with the velacity of the airstream passing the probe
at that moment. The two sensor wires - which are usually of 2.5 micron
diameter Tungsten wire - are operated as simple resistance thermometers
and they are used to measure the time of arrival of the heat tracer at one or
other of the two sensor wires. In an ideal situation, the time taken for the
tracer to reach a sensor wire would be

1, = (1)

Ul cosy

where s is the spacing between the pulsed wire and the sensor wire, ’U’ is

the magnitude of the velocity vector and y is the angle between the direction

normal to the plane of the probe and the instantaneous velocity vector (see
figure 1). The plane of the probe is here defined as the plane parallel to the
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axes of all three wires in the probe. Thus, from the time of flight ., the
magnitude of the velocity vector resolved at right angles to the plane of the
probe can be obtained. The use of two sensor wires ensures that the flow
direction is unambiguously determined; the only restriction is in the length of
the wires, /, since arctan(//2s) gives the largest angular deviation of the flow
that can be sensed. The most commonly used probes have a value of I/s of
about 5 giving a yaw response up to about 70°.

In a turbulent flow, the probe is repetitively pulsed and an ensemble of
velocity values is obtained from which both the mean velocity and the
turbulent intensity can be deduced. Furthermore, the velocity and intensity in
any direction can be obtained simply by aligning the probe in the appropriate
direction. By making measurements at several angles, the flow direction can
be obtained along with the normal and shear stresses. The ensemble of
velocity values can be used to obtain probability estimates and, finally, by
using a non-periodic sampling rate, it is also possibie to obtain spectral
information at frequencies above the normal Nyquist frequency.

Although the principle of the pulsed wire anemometer is very simple, its
development into a useable technique involved overcoming a number of
theoretical and practical problems. Most of these are covered in the early
paper by Bradbury and Castro(1971) but these detailed problems will not be
considered here. Castro (1992) published a comprehensive review of later
developments in pulsed wire anemometry and this present paper uses some
of the same examples described by Castro to illustrate the range of
measurements that can be made with pulsed wire anemometry. However, the
additional purpose of the present paper is to suggest some further
developments in the technique.

2.1 Examples of velocity measurements with a crossed wire probe.

Before considering results of measurements with a pulsed wire anemometer,
it is useful to look at typical probe calibrations. Figure 2 shows a velocity
calibration. Because of the effects of thermal diffusion, the calibration of U
against the reciprocal of the time of flight T is not exactly linear but a good fit
to the data has been found to be given by the expression

A B

U=—+—
T T1°

)

where A and B are constants found by least squares fitting to the
experimental data.

Figure 3 shows a yaw calibration which according to the simple model shouid
be a cosine law. The data fits the cosine law quite well and a yaw response is
maintained up to an angle of about 70 degrees. It is shown by Bradbury and
Castro (1971) that missing tracers that lie outside this angular range only
have a small effect on the accuracy of turbulence measurements.
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Some examples of measurements with a pulsed wire anemometer will now be
considered.

The first example from Bradbury (1976) has been chosen simply to illustrate
the use of the pulsed wire in a flow in which flow reversals occur and where,
therefore, the turbulence levels are very high. The example also shows hot
wire results to illustrate the errors that arise with this technique in such a flow.
Figure 4 shows the mean velocity and turbulent intensity distributions in the
wake of a normal flat plate, one plate width downstream within the reverse
flow region.

The second example is a straightforward application of the pulsed wire
anemometer to the study of the wake flow downstream of a model Ford
Transit van - Watts (1982). Figure 5 shows contours of constant mean
velocity in the wake of a model van. It shows the existence of a significant
region of reverse flow and is an example of the sort of practical studies that
can be undertaken with a puised wire anemometer.

The third example has been chosen to illustrate the use of the pulsed wire
anemometer in a flow in which there are fluctuations in a foreign gas
concentration - Hall (1979). The pulsed wire anemometer is a time-of-flight
device and so, unlike the hot wire anemometer, is not sensitive to variations
in foreign gas concentration provided the flow is sensibly isothermal. In figure
6, the mean velocity and turbulent intensity distributions are shown through a
rough wall turbulent boundary layer into which a continuous heavy gas
release has occured. The profiles are compared with the case when the gas
release is absent. Although the turbulence levels are no higher than in an
ordinary turbulent boundary layer, such results could not have be obtained
with a hot wire because the presence of the foreign gas would have serious
effects on the heat transfer rates from the hot wire.

Before considering other types of pulsed wire technique, it should also be
mentioned that near wall measurements with a crossed wire pulsed wire
probe can be made if a through wall probe is constructed. Figure 7 shows a
photograph of such a probe used by Castro and Dianat (1990). In this probe,
the two sensor wires are welded to electrodes flush in the wall and are
mounted at right angles to the wall by being welded to an outer electrode as
shown. The pulsed wire is mounted on a micrometer traversing gear and can
be traversed up and down between the two sensor wires. The geometry is
thus the same as that of a normal crossed wire probe but it enables
measurements to be made in the very near wall region. Figure 8 shows a
comparison between pulsed wire measurements and hot wire measurements
in a conventional turbulent boundary layer. The hot wire measurement were
confined to the outer region of the boundary but the agreement with the -
pulsed wire results is very good. However, very close to the wall in the sub-
layer, the pulsed wire results deviate from the viscous sub-layer profile.
Castro and Dianat (1990) showed that this was due the effect of thermal
diffusion on the transport of the tracer and they developed a simple method
for correcting for this effect. Figure 9 shows the velocity profile in the sub-
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layer before and after their correction has been applied. With the correction,
the agreement with the viscous sub-layer profile is now very good. Of course,
the advantage of the pulsed wire probe is that it can be used in separating
boundary fayer flows. In addition to Castro and Dianat (1990), wall region
measurements of this sort have also been made by Devenport, Evans and
Sutton (1990),

2.2 Limitations of the pulsed crossed-wire probe.

It is important to stress the limitations of pulsed wire anemometry. The really
significant limitations are as follows:-

(i) In order to achieve satisfactory sensor wire signals, it is generally
necessary to use sensor wires of 2.5 micron diameter Tungsten. These wires
are usually in the range from 3-5 mm in length and can easily be broken by
mechanical shock. The probes are much more fragile than hot wire probes
and an experimental envirohment free of significant mechanical shocks is
necessary. On the other hand, this problem should not be over-exaggerated
because, with experience, it is possible to use probes for a considerable
period without breaking them. As an example, a probe that the author uses
for checking the electronic processing circuitry has been in use for five years
without breaking a wire.

The fragility of the pulsed wire probes would be greatly reduced if, instead of
the 2.5 micron Tungsten wires, thin films on Quartz fibres were used for the
sensor elements. The technology for doing this is certainly now available but
it would no doubt require some development work in order to construct such a
probe. '

(i)  The velocity range over which the probe can be used is limited to a
range from about 0.1-0.2 metres/sec up to about 8-10 metres/sec.. The lower
limit comes from the need for the transport of the heat tracer to be dominated
by convection rather than thermal diffusion. The upper limit arises from some
restrictions in the signal processing circuitry and also that the single/noise
ratio decreases with incfeasing velocity.

(ii)y  The flows must be isothermal. Clearly, if temperature fluctuations are
present in the flow which are of the same order as the temperatures of the
heat tracers then the individual heat tracer times-of-flight cannot be
discerned.

3.0___The pulsed wire wall shear stress probe.

In the early period of developing the pulsed wire anemometer, Gaster (1969)
suggested to the author that the technique might be used to develop a means
of measuring wall shear stress that could be used in flows with large
fluctuations in wall shear stress including reversals of stress direction. in the
original idea, it was proposed to surface mount three parallel thin films with a
geometry similar to that shown in the sketch in figure 10. The principle of
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operation is very similar to the puised wire velocity probe in that the central
film is pulsed with a short duration voitage pulse and the time for the resultant
heat tracer to reach one or other of the two sensor films is measured. On the
basis of simple dimensional analysis, the time of flight, ¢, is related to the
instantaneous velocity gradient, &/ &, the thermal diffusivity coefficient,
and the space between the pulsed and sensor films, h, by the simple
functional relationship

xt . h
yoie JSunction of (7‘_—?@—) (3)

In the case of the wall probe, the transport of the heat tracer is through a
combination of diffusion and convection. On the basis of a very simple

argument, Bradbury and Ginder (1973) obtained a form for this relationship,
namely

.’lz.=3(.h.iéi)3 4
st 3\x &

Experiments carried out with surface mounted thin film gauges in a laminar
flow channel resulted in the calibration results shown in figure 10.
Considering the simplicity of the argument behind equation (4), the
agreement with its general form is very good. However, a major drawback
with these surface mounted thin film results was that the signal levels were
very low (typical sensor film amplitudes were of the order of a few microvoits)
with a poor signal to noise ratio. In spite of various efforts to improve the
situation, it proved impossible to use surface mounted thin films in a turbulent
flow. In order to produce a useable wall shear stress probe, it was necessary
to resort to the use of thin wires mounted close to but not touching the
surface. The smal} air gap (typically 50 micron) avoided heat loss to the
substrate and improved the signal to noise ratio dramatically. It should be
added that a whole series of numerical solutions to the heat
convection/conduction equation were carried out by Ginder (1971) and these
confirmed the findings of the experimental observations about the effect of
the substrate on reducing the signal levels.

The paraliel wire wall shear stress probe (shown schematically in figure 11)
has been used by several authors to study both mean and fluctuating wall
shear stress in a variety of flows. Figure 12 shows some results of Ruderich
and Fernholz (1986) of the mean and fluctuating wall shear stress on the
splitter plate behind a normal fence.

Another example of the use of the wall shear stress probe was in the study of
the flow beneath a simplified model of a tricone drilling bit. Tricone drilling
bits are widely used in drilling oil wells and there is some interest in the
distribution of wall shear stress produced by the three jets of drilling mud
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used to remove rock particles from the drill face. White, Escudier and
Gavignet (1987) carried out a study of the shear stress distributions in a
simplified modei of the drilling situation - see figure 13 - using air rather than
mud for the jet flows. The flow around the drill bit is complex and three-
dimensional and, in addition, to wall shear stress measurements with the
pulsed wire probe, they also made a number of surface flow visualisation
studies. Figure 14 shows an example of one of their flow visualisation results
with vectors of the wall shear stress obtained from the pulsed wire probe
superimposed on the flow pattern. The qualitative agreement is very good
and, with the quantitative results given in the original report, is a good
demonstration of the complex flows that can be studied with the pulsed wire
wall shear stress probe.

The potential of the pulsed wire wall shear stress gauge seems to the author
to be very significant and it has been therefore rather surprising that it has
not found more widespread use - particularly in areas like the three
dimensional flows over aircraft wings.

It is not possible in a short review article to cover all the facets of the pulsed
wire wall shear stress probe but a more complete discussion of the technique
is given by Castro, Dianat and Bradbury (1987).

3.1 Possible developments with wall shear stress measurements.

It was mentioned in section 3 that the initial idea for wall shear stress
measurements was to use surface mounted thin films. The original work on
these thin film gauges was included in this paper because this remains an
attractive proposition. As has already been mentioned, the idea had to be
abandoned originally because of the low signal to noise ratio of the surface
sensor gauges. However, the signal to noise ratio would be significantly
improved if, instead of using thin film gauges as resistance thermometers,
thermo-electric gauges could be laid down by standard thin film vacuum
deposition techniques. In principle, multifunction thermo-couples could be
produced in a thin film form and would result in a very robust probe that could
be manufactured with a high degree of repeatability. In this way, individual
probe calibrations might not be necessary.

4.0 _Parallel wire velocity probe,

The first paper on pulsed wire anemometry was by Bauer(1965). In this
paper, Bauer used a puised wire probe consisting of two parallel wires as
shown in figure 15 . The drawback with this arrangement is that, in a turbulent
flow, most of the tracer signals miss the sensor wires - which is the reason for
developing the crossed wire probe discussed in section 2. On a number of
occasions, this restricted angular response has been exploited by using a
paralle! wire probe as a yaw meter and, in particular, Aimeida (1986) used
such a probe in the study of a circular jet issuing into a cross flow. However,
there is potential for such probes in highly turbulent flows as well.
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Let us suppose that we have a paralliel wire probe in a turbulent flow as
shown in figure 16. it is assumed that the probe is pulsed a large number of
times N and that sensor wire signals are obtained on n occasions. On each
occasion that a trace is detected, we will have a velocity estimate ¢ and, if we

define an angle, ¢, as the angular range over which this estimate can be
sensed, we may define an estimate of joint probability density function as

M) s

where the trué value is approached as N — « and &g and ¢ both tend to
zero. p(q,e) is the probability of finding a velocity estimate in the velocity
range from ¢ to ¢ + & and in the angular range from ¢ to ¢ + 8¢ . If this

function can be measured, it enables any cross-products of the velocity
fluctuations to be calculated since

u*v* = [[(geos9)"(45in )’ pla. ) dgdy

and this includes, of course, the normal and shear stresses and the turbulent
diffusion term that appear in the turbulent energy equation.

The measurement of this joint probability is in principle possible with a
parallel wire probe with the slight complication that the angular response of
the probe is a function of the velocity ¢. In appendix A, the form of this

function is discussed and it is shown that the angular ‘window’ decreases with
increase in velocity due to the smaller diffusive spread of the wake.

In practice, it might be rather difficult to make such measurements but it is
certainly worthy of investigation. In practice, a paraliel wire probe would have
to be calibrated in a steady stream so that a convenhonal velocity calibration
could first be obtained. Then a series of yaw calibrations would have to be
carried out at different velocities in order to determine the variation of the
angular ‘window as a function of velocity. The analysis in appendix A should
prove useful in establishing the form of this variation from a small number of
yaw calibrations.

The main practical difficulty in a highly turbulent flow might be the very large
number of samples that may be involved in obtaining reasonable estimates of
the complete joint probability distribution. Due to the time constants of the
wires, samples cannot be obtained at a rate greater than about 100 samples
per second and, without doing any calculations, the author's intuition is that
something like a 100,000 samples might be needed at twenty or thifty angles
in order to obtain a reasonable estimate of the probability distribution. This
would take something of the order of an hour of sampling for each spatial
point in the flow. Howsver, this is not entirely unreasonable and it would
provide for the first time important information about the higher order cross-
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products in a highly turbuient flow. Such information would no doubt provide
useful data for turbulence modellers!

5.0__Concluding remarks.

This paper has reviewed briefly the various forms of pulsed wire technique
that have so far been developed. It has been shown that the crossed wire
technigue can be used to make velocity and turbulence measurements in
highly turbulent flows without any upper restriction on turbulence level and
that these measurements can be extended to near wall regions as well. In
addition, the parallel wire wall shear stress probe has been discussed and it
has again been shown that wall shear stress measurements can be made
without any upper restriction on the turbulence levels. The limitations of both
the crossed wire probe and the wall shear stress probe have been discussed
and a number of suggestions for improving both of them have been made.

Finally, some comments have been made on the potential of a paraliel wire
probe for use in highly turbulent flows that would enable higher order velocity
cross-product terms to be measured. However, a programme of experiments
is required to establish if this potential can be realised or not.
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APPENDIX A,

THE RESPONSE OF A PULSED PARALLEL WIRE PROBE.

Ignoring the effects of longitudinal diffusion, the temperature distribution in
the wake of a pulsed wire is given by

) No(m)" 55 A0 p(x) amy

9, 2

where 6(x, y, ) is the temperature in the wake of the pulsed wire, 8 18 the
temperature of the pulsed after the voltage impuise. N ,is the Nusselt number
for heat transfer from the pulsed wire. T, is the pulsed wire time constant.
P=Ux/x is the Peclet number and H(x/U)is a Heaviside step function at
time r=x/U.

If a sensor wire is placed in this wake at position x, y, its temperature 6,(/) is
given by

t

T, iR
8,()= e—T— [6(x,y,1)e™ ar (2A)
s 0

where T, is the sensor wire time constant. Using equation (1A) in (2A) gives

nor e N AN A1)
0-2(3) " ) u(z)
P s

In the practical circuit, the sensor wire is differentiated with respect to time
and it is this differential signal that is used to trigger the time-of-flight counter.
This differential signal has a step-like behaviour at ¢ = x / U with an amplitude

given by

do) N,,(n)"’e s
s -1 4
(dt 2\p T, @A

taxiU ]

If we assume for simplicity that Nusselt number varies like the square root of
the Reynoids number, we find that

A}
(‘_12'_) xl/l/l e 4(_:) (5A)
d’ t=xIU
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using the expression for the time constants given by Bradbury and Castro
(1971). The angular window of the probe is defined by that value of y/x at
which the amplitude of the differentiated signal falls below the trigger level. It
can be shown from equation (5A) that this window narrows with increasing
velocity. This is simply due to the narrowing of the wake as lateral diffusion
diminishes with increasing velocity. There is a counter effect from the other
terms in the equation for the differentiated signal but the overall effect is still
to produce a narrowing of the ‘window'.
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FIG.5 MEAN VELOCITY CONTOURS
BEHIND A MODEL VAN.
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. . Traversing pulsed wire
Fixed sensor wires gp
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Fig.7 Crossed wire probe for near
wall measurements.
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Fig.9 Turbulent boundary layer profile.
(a,0) - Pulsed wire (uncorrected)
(o,e) - Pulsed wire (corrected)
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Fig.10 Sketch of a surface mounted pulsed thin film
gauge for wall shear stress measurement.
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Sensor wires Pulsed wire

Fig.11 Sketch of a parallel wire wall shear stress
gauge.

(Wire lengths approximately 3 mm) -
(Height above wall approximately 50 micron.)
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Fig.12 Mean skin friction, skin-friction intensity and
skin friction reverse-flow parameter along a splitter
plate downstream of a normal flat plate.

| (a) - Preston tube. Xgis length of reverse flow
region.
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Fig.13 Tri-cone drilling bit test rig.
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Interaction Entre Deux Panaches Turbulents d’un mélange
Gaz-Liquide

Philippe P. M. Menut, Antonio E. dos Santos Ferreira & Jader R. Barbosa Jr.!

Programa de Engenharia Mecénica (PEM/COPPE/UFRJ),
C.P. 68503, 21945-970 — Rio de Janeiro - Brasil.
t Adresse actuelle: Department of Chemical Engineering, Imperial College of Science,
Technology and Medecine,
Prince Consort Road, London — SW7 2BY - England - UK.

Résumé
Ce travail expérimental décrit la distribution de fraction locale de gaz dans un écoulement bi-phasique Gaz-Liquide
obtenu par deuz panaches de bulles de gaz adjacents. Les mesures de fraction locale de gaz sont réalisées par une
sonde électro-résistive accouplée & un module conditionneur de signal. Le systéme comprend un réservoir d’eau
cubique de 1m3 et des injecteurs d’air dont le débit peul varier entre 0.6 et 3.5 litres par minute. Si le numéro
de Froude basé sur la demi distance enire les deus sources de gaz est élevé, les panaches présentent une déflection
de leur aze par action de Ueffet Coanda. Une bréve analyse théorique basée sur Uhypothése de Taylor est conduite
afin de proposer un coefficient d’entrainement variable. Les distributions Gaussiennes existant pour les panaches
uniques azisymmétriques ne sont plus valables si Ueffet Coanda déflechit les panaches de bulle. Des photographies

illustrent le phénomeéne pour diverses configurations d’ecoulement.

Mots Clefs:
Panaches de bulles, distribution de fraction de gaz, sonde électro-résistive, effet Coanda, coeficient d’entrainement,

I INTRODUCTION

Les mélanges tridimensionnels complexes en écoulements multi-phasiques sont trés fréquemment
rencontrés dans les procédés de production d'énergie ou dans les industries métalurgiques. Parmi
les applications industrielles, I'agitation de métal liquide par injection de panaches de bulles de
gaz constitue une phase décisive dans I'industrie métalurgique. Le mouvement vertical d'un gaz
inerte provoque une forte agitation du métal liquide, résultant en une homogénéisation chimique
et thermique du mélange, mais aussi en un regroupement d'inclusions non-métalliques dans une
couche superficielle.

La qualité de ’homogénéisation dépend de la géométrie de I'installation et surtout de la maniére
dont le gaz est injecté. Le nombre d’injecteurs, leur position et leur débit influent fortement sur
le degré d'agitation réalisé et, par conséquence, sur les propriétés de I'écoulement induit: temps
de mélange, période de résidence et suppression des inclusions. )

Les études rencontrées dans la littérature considérent en général une seule source de gaz,
supposée axissymétique. Il s’agit, en fait, d’une simplification obligatoire si une méthode intégrale
est employée et si I'hypothese d’entrainement est admise. En approche différentielle, des modeles
de turbulence relativement généraux devraient étre capables de détecter des assymétries de
I’écoulement, et plusieurs sources de gaz pourraient alors étre envisagées. Cependant, comme
nous allons le voir, il en est autrement.

L'objectif de ce travail est de réaliser une étude expérimentale de la distribution de la concen-
tration de gaz dans un écoulement produit par deux panaches ronds colatéraux. Ces panaches,
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Figure 1: Deux sources circulaires de gaz (a) sans interaction et (b) avec inclinaison des panaches.

constitués d’un mélange de bulles de gaz et de liquide, s'attirent mutuellement et perdent leur
caractére axisymmétrique. Aprés avoir étudié l'interaction d’un panache avec une paroi verticale
(Menut et al., 1998), nous nous intéressons ici & l'influence de l'effet Coanda sur deux panaches
adjacents. Cette configuration posstéde un nouveau degré de liberté: les deux panaches peuvent
tourner sur un plan horizontal et quitter le plan vertical d’investigation. Cette rotation générale
rend la campagne de mesure expérimentale plus difficile. Cependant, comme nous allons le détailler
plus en avant, cette difficulté est contournée en réalisant une moyenne des mesures sur une période
" bien plus étendue que dans le cas d’un seul panache adjacent & un mur. Notons enfin que la
configuration étudiée ici reléve d'un grand intérét dans l'industrie métalurgique.

La figure 1 présente la forme générale d'un écoulement 4 deux panaches de bulles d’air. La
figure la montre le cas de deux sources suffisament éloignées pour ne pas interagir entre elles,
tandis que la figure 1b montre 'influence d’une source sur I'autre et la conséquente déflection des
panaches de leur ligne centrale initiale.

Le panache axisymmeétrique est un écoulement largement étudié ces trois derniéres décades,
tant d'un point de vue théorique (Ditmars and Cederwall, 1974; Milgram, 1983; Brevik and Killie,
1996) que d'un point de vue expérimental (Milgram, 1983; Castillejos and Brimacombe, 1987a;
Barbosa and Bradbury, 1996). Ces différents travaux ont couvert une large bande de conditions
expérimentales, et n'ont cependant pas proposé de modele unifié capable de simuler toutes ces
conditions. En approche intégrale, I'écoulement a été divisé en trois régions distinctes régies par
des effets dominants différents (Milgram, 1983). La région dominée par les effets de flottabilité
est communément appelée ”Zone d’écoulement établit”. Il s’agit de la région étudiée ici.

La bibliographie traitant de plusieurs panaches est bien plus pauvre. Un travail relativement
complet sur deux panaches adjacents a été recement publié (Joo and Guthrie, 1992). L’écoulement
bi-phasique a été étudié expérimentalement & l'aide de la technique du traceur. Les auteurs
quantifient le temps de mélange total qui, par définition, correspond & l'intervalle de temps
nécessaire pour que 95 % des traceurs soient mélangés au liquide. Ils ont comparé les résultats de
plusieurs conditions différentes avec des résultats de simulation numérique. Le code implémenté
est basé sur le modele k-¢ et I’action des bulles de gaz limitée aux termes de flottabilité. Les
résultats numériques n’ont montré aucune inclinaison des panaches, quelque soit la configuration
expérimentale. Des photos de 'expérience montrent, cependant clairement une déflection des

366

D T T S N N e T e N S S S N e VR T T S S S N N N



AAAAAAAAAAAAAAAAAAAAANAAAAAAAAAAAAA‘

panaches. La simplicité du modéle numérique pour la phase gazeuse n’a pas permis de prendre en
compte l'interaction entre les deux panaches. Les auteurs ont en fait simulé deux panaches ronds
juxtaposés et indépendants.

Pera et Gebhart (1975) ont étudié I’interaction entre deux jets thermiques laminaires utilisant
un interférométre Mach-Zehnder. Ils ont développé un modéle simplifié afin de prendre en compte
la déflection angulaire de 1'axe central des jets. Pera et Gebhart ont noté que les jets plans
subissent une inclinaison plus forte que les jets ronds. Nous avons cependant opté pour une
configuration tridimensionnelle de panaches ronds afin de représenter de maniére plus exacte les
conditions industrielles rencontrées dans les bains d’acier liquide.

L’effet Coanda est, selon Reba (1966) , la tendance d’un fluide, gazeux ou liquide, & adhérer 3
une paroi proche de l'orifice qui injecte le fluide.

1l peut étre vérifié expérimentalement que lorsque deux sources de flottabilité (ou de quantité de
mouvement) sont juxtaposées, les deux panaches (ou jets) turbulents résultants ont tendance 3 se
rapprocher I'un de l’autre. La courbure subie par les panaches n’est pas due, contrairement au cas
des panaches laminaires (Pera and Gebhart, 1975), & une différence de pression. Si 1'écoulement
est turbulent, la déviation des panaches est due & une restriction de 1’entrainement de fluide
externe par ’écoulement moyen. En condition axisymmétrique, I'influence de la différence de
pression est faible comparée & celle de I'entrainement turbulent. Bien que les types de force qui
gouvernent chacun de ces phénomenes soient différents, certains auteurs considérent les deux cas
comme exemples de 1’effet Coanda (Tritton, 1988).

Dans ce présent travail, les auteurs sugérent que l'inclinaison des panaches ronds turbulents
provient d’un déséquilibre du flux de quantité de mouvement lié a la restriction d’entrainement.
Cette restriction est elle-méme due & la présence du panache adjacent.

II ETUDE ANALYTIQUE

L’analyse qui suit a pour but d'expliciter les bases de I’hypothése d’entrainement de Taylor
(Morton et al., 1956) et d'établir les termes contenant l'influence de I'inclinaison des panaches
& travers la variation locale du coefficient d’entrainement.

L’hypothése d’entrainement a été proposée en premier lieu par Taylor en 1949 dans des notes
non publiées. Plus tard, en 1956, Morton et al. présentent un travail en formulant cette hypothése
lors d’une conférence. Les auteurs, dans cet article, énoncent d’une maniére simple:

"the rate of entrainment at the edge of the plume or cloud is proportional to some characteristic
velocity at that height”. :

En d’autres termes, la vitesse moyenne v de la phase liquide traversant une section d’un
écoulement turbulent est proportionelle & la vitesse locale maximum - ou vitesse moyenne - de la
section. En termes de débit volumétrique, @, on peut écrire

dQ = vdA = augbdfdz (1)

avec a le coefficient d’entrainement , ug la vitesse moyenne maximale de la phase liquide (sur
I’axe du panache) et b le rayon du panache. Pour les panaches thermiques et les jets en géométrie
axisymmétrique, les coefficients d’entrainement sont constants et ont pour valeurs respectives
0.083 et 0.054.

Les théories intégrales appliquées aux panaches de bulles sont basées sur une analogie avec les
panaches thermiques. La théorie considére, en plus d'une nouvelle équation pour la seconde phase,
un coefficient d’entrainement variable mais aussi un paramétre appelé parametre d’amplification
de quantité de mouvement (Milgram, 1983). Ces parameétres ont pour objectif de prendre en
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Figure 2: L'effet d’entrainement en geometrie axisymmétrique.

considération action des bulles sur la phase liquide. Les théories actuelles sont valides pour les
panaches de builes tant pour les petites échelles que pour les grandes échelles.

Dans cette analyse, la déflection de ’axe du panache est supposée provenir d’une restriction de
I’entrainement due 3 la présence du panache voisin. Par conséquence, le coefficient d’entrainement
dépend de'la coordonnée angulaire # et de la hauteur 2.

L’angle de déflection du panache, ¢, est défini géométriquement par (figure 1.b) sing = s/zy.
Santos et Silva Freire (1993) sugérent que sin ¢ est aussi égal au rapport entre la force qui doit
étre exercée pour incliner le panache et le moment moyenné sur la coordonnée z,

F
IR M)z
J§! 1 pro? ulbdédz
% ol J5°2m o1 (1 — ) ufrdrdz’

sing =

@

avec p; la densité de la phase liquide, ¢ = ¢(r, z) la distribution de fraction de gaz et u; = u(r, 2)
le profil de vitesse de la phase liquide.

L’équation 2 établit une relation pour I’évaluation du coefficient d’entrainement si les autres
inconnues, ¢, ug et b, sont déterminés expérimentalement.

Notons cependant qu'il est important de déterminer le type de dépendence fonctionnelle de
a sur les autres paramétres de I'écoulement. Une analyse dimensionnelle fournit les paramétres
suivants:

q° Apgq
¢ = f [;—8—51 P 33 ] (3)
368

D N . U N N

-

P e e T N N T N e Y



COMPOSANTS

. Compresseur a air

. Débimeétre

. Injecteurs

. Positionneur 2D

. Module conditionneur
. Oscilloscope

. Carte interface

. Micro-ordinateur

[e B B e W I O

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA“A‘\‘\‘

Figure 3: Installation expérimentale.

avec g 'accélération de la pesanteur, q le débit de gaz de chaque source, o la tension superficielle et
Ap la différence de densité entre les deux phases. Les quantités entre crochets sont, respectivement,
le numéro de Froude modifié, F, et le numéro de Weber modifié, W,, basés sur la demi distance

entre les deux sources.

III CONFIGURATION EXPERIMENTALE

Les propriétés de I’écoulement ont été mesurées 4 I’aide d’une sonde électro-résistive. Ce type de
gonde, réalisé & partir de fines aiguilles, a été développé simultanément par Neal et Bankoff (1963)
et par Nassos (1963) . Ces études préliminaires sont spécialement dédicacées & la présentation
de la technique expérimentale plutot qu'a une étude profonde de 1'écoulement. Neal et Bankoff
ont travaillé dans un mélange Nitrogéne-Mercure, tandis que Nassos a utilisé un mélange air-
eau. Serizawa ef al. (1975a, 1975b, 1975¢) et Herringe et Davis (1976) ont contribué de maniére
significative & la compréhension de la structure turbulente des écoulements internes bi-phasiques.
Chesters et al. (1980) furent les premiers & utiliser avec succés des sondes électro-résistives en
milieu non confiné. Ils ont combiné ces résultats & des mesures d’anémométrie laser-Doppler
(ALD) afin de décrire les caractéristiques des phases liquides et gazeuses dans un panache de bulles.
Tacke et al. (1985) ont utilisé des sondes électro-résistives dans des mélanges air-eau, Hélium-eau et
Nitrogéne-Mercure afin d’étudier le procédé de fabrication de I'acier par mélange de gaz. Castillejos
et Brimacombe (1987a, 1987b) , pour une application industrielle identique, ont développé une
instrumentation compléte basée sur cette technique. En 1988, Teyssedou et al. ont présenté
un nouveau systéme AC ainsi qu'une analyse de 'effet de la géométrie de la sonde et d’autres
parameétres sur les performances de l'instrumentation. Plus récemment, Kocamustafaogullari et
Wang (1991) , Leung et al. (1992) et Liu et Bankoff (1973) ont utilisé ce type de sondes afin
de déterminer la fraction moyenne locale de gaz, la vitesse et la longueur percée des bulles en
écoulement interne. Mazumdar et Guthrie (1995) ont publié une récente révision sur le procédé
de fabrication de 'acier par mélange de gaz. Smith et Milelli (1998) ont présenté une analyse
numérique d'un panache confiné et réalisé une comparaison avec des résultats expérimentaux.
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Figure 4: Sonde électro-résistive (valeurs en mm).
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Enfin, Sun et al. (1998) ont mesuré les caractéristiques d'un panache de bulles d’air. Les deux
derniers ont combiné des mesures par sonde électro-résistive et par anémométrie laser-Doppler.
Le prin¢ipe de la technique électro-résistive est de reconnaitre la phase entourant la sonde en
comparant sa conductivité avec une valeur de référence. Un circuit électronique associé & la sonde
réagit par une brusque variation de tension lors du passage d'une interface. Pour de plus amples
renseignements techniques, le lecteur est invité & lire la publication de Barbosa et Bradbury (1996),

L’installation expérimentale est présentée & la figure reffig:instal. Elle comprend un réservoir
d’eau, un systéme d’injection d’air, un positionneur 2D et un systéme d’acquisition et d’'analyse
de données.

Le réservoir vitré mesure lm x 1lm x 1m et contient 300 milligrammes par litre de solution
de chloride de sodium (brine). Les deux canaux du systéme d’injection d’air sont composés
de compresseurs 3 air, d’un débimétre massique et d’un injecteur. L’air est introduit depuis le
fond du réservoir par deux injecteurs identiques. Le systeme d’acquisition et de traitement de
données comprend: une sonde électro-résistive double, un module de conditionnement du signal,
un oscilloscope, une interface et un micro-ordinateur.

La figure reffig:sonde présente la sonde électro-résistive utilisée; un fin cable d’acier inoxidable
de 0.2 mm de diamétre est logé dans un tube hypodermique de caractéristiques 0.4 mm OD 0.2 mm
ID. Les deux conducteurs sont électriquement isolés, mutuellement et par rapport a 'extérieur,
excepté & leurs extrémités. Les parties non isolées ont une longueur approximative de 0.1 mm.
Les deux électrodes sont séparées d'une distance de 1.5 mm.

La sonde est placée en position verticale. La profondeur de 1’eau est conservée constante et
égale & 0.85 cm. Environ 15 minutes sont nécessaires pour garantir des conditions stationnaires.
Les conditions expérimentales réalisées sont répertoriées dans le tableau 1. Les mesures sont
réalisées pour différentes distances entre les sources de gaz et pour différents débits de gaz. La
sonde est déplacée sur un axe horizontal passant exactement & la verticale des deux sources. les
injecteurs ont un diamétre de sortie de 3.2 mm.

Table 1 - Conditions expérimentales.

Test sfecm] ql/min] F, We

a 325 24 450 e-3 1.1638
b 6.4 24 1.52 e-4 0.1524
c 9.05 24 2.69e-5 0.0539
d 325 1.2 112 e3 0.2910
e 6.4 1.2 3.80e-5 0.0381
f 9.056 1.2 6.72e-6 0.0135

La fraction de gaz mesurée en un point ¢(r, z,t) est une moyenne dans le temps obtenue par,

c(r,z,t) = -;—/OT I(r, z,t)dt (4)

avec T le temsp total de mesure et I la sortie digitale provenant du module conditionneur. Le
signal de sortie, I, consiste en une série de pulses correspondant au passage des bulles d’air par
la sonde. De plus amples détails concernant le signal de sortie sont disponibles dans le travail de
Barbosa et Bradbury, 1996.

La fréquence d’aquisition est fixée & 3.3 kHz. 50 blocs de 10,000 données sont enregistrées pour
chaque point de mesure afin de décrire 'écoulement de maniére correcte. Les profils de quatre
stations verticales, z = 10, 30, 50, 70cm, sont obtenues pour chaque configuration (s, ). Entre 40
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et 50 points sont nécessaires pour décrire un profil. La calibration du systéme de mesure, réalisée
dans un tube vertical, a montré que la fraction de gaz est obtenue avec une précision de 10%.

IV RESULTATS

La forme moyenne de 'écoulement est présentée figure 4. Les conditions expérimentales sont listées
au tableau 1. Les photographies ont été réalisée avec plusieurs temps d’exposition afin d’obtenir
différentes perceptions de la structure des panaches de bulles. Les photographies obtenues avec
un temps d’exposition élevé montrent clairement la déformation et le format des panaches. Il est
interessant de noter que les déflections angulaires sont parfaitement visibles et détectables & 1'oeil
nu. Lorsque la distance qui sépare les deux sources augmente, les panaches se redressent; les deux
panaches se concentrent pour n’en former plus qu'un dans le cas s = 3.25¢m.

La figure 5 présente les profils de fraction de gaz obtenus & différentes positions verticales.
Les profils proches des injecteurs de gaz présentent une forme Gaussienne, concordant avec les
résultats de Mazumdar et Guthrie (1995) pour des panaches axisymmeétriques. Les autres profils
ne proposent pas la méme courbure, ils sont déformés par la présence du panache voisin. Les
points de fraction de gaz maximale sont aussi définis sur la figure. Des études précédentes ont
montré que ces points correspondent aussi aux points de vitesse de phase liquide maximale. Ils
seront pris par la suite comme référence pour définir la position de I'axe des panaches.

La déflection des panaches est présentée & la figure 6 pour plusieurs débits de gaz et trois
différentes séparations entre les sources. Le graphique est représenté en coordonnées dimen-
sionnelles. Cette figure montre que la plupart des trajectoires peuvent étre raisonnablement
approchées de maniére rectiligne. Lorsque les deux plumes sont fortement écartées, cette tendance
est particulitrement marquée. '

Pour chaque cas testé, deux angles de déflection sont calculés, un par panache. L'angle ¢ utilisé
dans les figures suivantes est la moyenne des deux angles. L’angle de déflection des panaches
ainsi défini peut étre présenté en fonction du nombre de Froude et du nombre de Weber. Ces
graphiques sont représentés & la figure 7. Ils montrent que 'angle de déflection ¢ augmente de
maniere logarithmique avec F, et W,. Ces courbes, similaires & celles obtenues avec un panache
proche d’une paroi (Menut, 1998), pourraient étre approchées par des droites rectilignes.

L’évolution de I'angle de déflection en fonction de la distance séparant les deux sources et en
fonction du débit de gaz est tracée & la figure 8. Les conclusions déduites du panache proche
d’une paroi sont ici aussi vérifiées. Aucune tendance générale ne peut étre relevée depuis ces
graphes, particuliétrement ceux de q. A débit constant, les résultats pour s montrent que l'angle
de déflection a tendance & diminuer lorsque la distance entre les deux sources augmente. Les
figures 7 et 8 montrent clairement la pertinence du choix des paramétres F, et W, pour décrire le
phénomeéne.

En résumé, si 'angle de déflection d'un panache peut étre établi & 1'aide de 1'équation (2),
alors le coefficient d’entrainement a est une fonction des nombres de Weber et de Froude locaux.
La prochaine étape consiste & mesurer les caractéristiques de la phase liquide afin de proposer une
corréletion pour &. Ces informations sont obtenues par visualisation et traitement d’image dans
une étude en cours de réalisation.
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Figure 5: Forme moyenne de I'écoulement. Les conditions expérimentales sont définies au tableau
1.

373



80 A A_, T Profiles corsal
z[cm] ) WM WY AKKA\bH‘*Aﬁ_‘_H Profiles Gaussiens \
0 . A Profiles mesurés .
L faad a,A aAB8A AAAMMMAAAAAAAAAAAAAM A A aa _To

40 N AAAAMA‘MAAAAAAM‘A“AAAAAMMA“A R T’
A A A A A A A 0

20 | 1
A ._VA/“%A_A — “MA A ' To

0 L s 4 1 1 ) ! L L ! )\ 1 ¢ L L I L 1 A )
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
x {cmj

Figure 6: Profiles de fraction de gaz pour différentes stations verticales, s=3.25 cm, ¢=2.4 /min.

80 T T T T T T T
z [cm) —afp-—  q=24Vmin
60 + —&-- q=1.2Vmin A
40 L
20 | |
0 < - 1 1 L 2 1 & 1 1 1 1
2 4 6 8 6 12 14 16 18 20 2 24 26 28 30
x [cm]

Figure 7: Déflection des panaches pour différents débits et différentes distances entre injecteurs.

[} T T L ] T T T T
3.0 - rS o+ g 30 L ° i
20+ - 20
=2.4 J/min -
ol s F 9 i 10 o o
o q=1.2/min
0,0 1 1 0.0 ) . i
1E2 1E-1 1EH0 1E+1 1E-6 1E-5 1E-4 1E-3 1E-2
We Fr
Figure 8: Angle de déflection en fonction du nombre de Weber et du nombre de Froude.
] T T 4] T T T T Y
30 | ] 30 3\\\\
D
20 1 20 | 4
10 | 1.0 o o
00 L e e 00 L o CoTe
' Figure 9: Angle de déflection en fonction du débit et de la demi distance entre les sources.
374 ’

8 olm

o8

. _‘g_
o T e N e N T N N N T T T S N N T T T e T T S NP =



AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA‘\‘

V CONCLUSION

Le présent travail a établi wie corrélation forte entre ’angle de déflection d’un panache de bulles
et les valeurs des numéros de Froude et de Weber modifiés. 1l initie une nouvelle banque de
données sur une configuration de panaches de bulles d’air largement rencontrée dans I'industrie.
Ces résultats doivent permettre de modéliser le coefficient d’entrainement par une corrélation avec
les deux paramétres définis ici. C’est I’objectif d’une étude en cours de réalisation.
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Numericai Study of Turbulent Boundary Layer Flow
over a Surface with Step Change in Roughness
— A Comparison with Experimental Data

Mila R. Avelino}
Mechanical Engineering Program (COPPE/UFRJ),
C.P. 68503, 21945-970 Rio de Janeiro, Brazil.

Abstract

A theory for the description of turbulent boundary layer flows is considered for the computation of the
effects of a surface step change in roughness. The theory resorts to the concept of displacement in origin
to specify a wall function boundary condition for k-€ model. An epprorimate algebraic expression for
the displacement in origin is obtained from the experimental data by using the chart method of Perry
and Joubert(1968). This ezpression is subsequently included in the near wall logarithmic velocity
profile, which is then adopted as a boundary condition for a k—€ modelling of the external flow. The
results are compared with the lower atmospheric observations made by Bradley(1968) as well as velocity
profiles extracted from a set of wind tunnel experiments carried out by Avelino et al.(1998). The
measurements were found to be in good agreement with the theoretical computations. The skin-friction
coefficient was calculated according to the chart method of Perry and Joubert(1963) and to a balance
of the integral momentum equation. In particular, the growth of the internal boundary layer thichness
obtained from the numerical model is compared with predictions of the experimental data calculated by
two methods, the “knee” point method and the “merge” point method.

Keywords
Turbulence, Boundary Layer, Surface Roughness, Atmospheric Flows, k—e model.

1. Introduction

A complete understanding of the effects that a step change in surface roughness
has on the properties of a turbulent boundary layer has been the object of several ex-
perimental and theoretical investigations in recent years, specially in micrometeorology.
Most air flows of pratical interest occur in situations where the roughness, the elevation
and the temperature of the terrain is changing. Unfortunately, these conditions often
occur at the same time, giving rise to complex flow configurations, in which necessarily
a large number of parameters to describe the roughness is required.

The present work is concerned with atmospheric flows that develop over flat terrain
with changing surface conditions. In particular, we will be looking at flows which present
abrupt changes in surface conditions from one extensive uniform surface to another; the
theory to be developed here is, therefore, expected to account for these effects. Here,
we will use the k—¢ model to describe the properties of the atmospheric boundary layer
in the surface layer. The model will use a wall function to represent the velocity profile
near the wall so that a local analytical solution for the inner region will be used as a
boundary condition for the outer solution. For this reason, this inner solution must

1 Also: Department of Mechanical Engineering, Rio de Janeiro State University, Rua Sdo Francisco
Xavier, 524, Sala 5023, Bloco A, CEP 20550-013, Rio de Janeiro, Brazil.
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take into account for local changes in the low such as those provoked by the changes on
the surface roughness. The local changes are here accounted for by logarithmic profiles
that take as a characteristic length the displacement in origin; this has been evaluated
experimentally by the present author in Avelino et. al.(1998).

The present work is, therefore, an despite its title, twofold. It will show the
reader how the x—e model stands for flows over step changes in surface roughness,
and will present some new experimental data specially obtained for the validation of
the numerical simulation. Four geometrical configurations will be considered, uniformly
smooth and rough surfaces, and surfaces with smooth to rough and rough to smooth
changes.

Next, we will present a short review of the work recently published on the subject.

The understanding of the effects that changes on the surface nature have on the flow
properties has rested mainly upon field experiments. A difficulty with most studies is
the absence of reliable measurements of surface flux. One of the few field studies that has
overcome this difficulty has been that of Bradley(1968), who made some simultaneous
measurements of both velocity profiles and surface shear stresses in a neutral flow at
several positions relative to a discontinuity separating surfaces made of grass, of tarmac
and of spikes. Bradley’s data are ideal for comparison with theoretical and numerical
results. The velocity profiles were compared with the computation of Rao et al.(1974),
whereas the surface shear stresses were compared with the theories of Peterson(1969)
and of Panofsky and Townsend(1964).

Other atmospheric observations are those based on the bushel-basket experiments
over the ice of Lake Mendota in the USA (Stearns(1964) and Lettau(1963)), the studies
on the modification of the low level wind profiles based on the Riso Tower observations
(Panofsky and Petersen(1972) and Petersen and Taylor(1973)), and a study of flows
downwind of a wheat crop leading edge (Munro and Oke(1975)).

In more controlled conditions, in a laboratory environment, detailed measurements
have been made about the turbulence over rough surface changes, involving both zero
and adverse pressure gradient conditions (Antonia and Luxton(1971 and 1972), Antonia
and Wood(1975), Schofield(1975) and Mulhearn(1976, 1978)). All these experiments
have concentrated on the development of the internal boundary layer and its internal
mean and turbulent structure. Wind tunnel observations can also be found in Krogstad
et al.(1992), Krogstad and Antonia(1994) and Shafi and Antonia(1997).

The results obtained in the laboratory for boundary layers have frequently been ex-
tended to describe the properties of atmospheric boundary layers with good agreement.
However, the inhomogeneity of the earth’s surface greatly complicates the application of
results and theories established for uniform surfaces. To overcome this difficulty, most
information comes from studies of the coastal boundary layer, where extentions of the
small-scale approach to the mesoscale, specifically the internal boundary layer (IBL) at
the coast, have been discussed by Venkatran(1986) and Shao et al.(1991).

The experiments of the last thirty years have been accompanied by a great deal of
theoretical effort. Much of this work is discussed in a recent review by Garratt(1990).
Here, we will mention a few. )

The atmospheric boundary layer and the problem of surface heterogeneity can be
considered on several scales, where different characteristics are attained. For a neutrally
stable boundary layer, the flow is normally separated into two regions. On the smallest
scale there exists an inner layer, where the effects are confined to the surface layer
and the velocity profile is observed to have a logarithmic form; in this case of small-

378

AA,\A\AAA\AA‘\AAAAA‘\A‘\AA’\A‘\A\AAAAAA\‘\AA

-



e e T W N N N N N N N N N N N N N e T T U U N N N~ G " P G ™ G

scale flow and of a neutral IBL responding to changes in surface roughness, analytical
solutiens were provided in studies by Elliott(1958), Taylor(1968, 1969), Panofsky and
Townsend(1964), Plate and Hidy(1967) and Mulhearn(1977). For non-neutral flows,
the IBL response to a change in surface roughness has been presented in an analytical
solution (Townsend(1965, 1966)). Numerical approaches to the problem include those
of Venkatran(1976, 1985), of Peterson(1969), of Shir(1972), of Rao et al.(1974) and of
Beljaars et al.(1987).

For more stable or unstable flows, the velocity profile deviates from its logarithmic
behaviour. For this kind of problems, where many characteristic scales can be found,
asymptotic techniques can be evoked to show that in most situations the velocity profile
assumes a logarithmic form for distances sufficiently close to the wall.

A good review text on turbulent boundary layers subjected to sudden perturbations
is the article of Smits and Wood(1985); a review of the relevant work on the internal
boundary layer is given by Garratt(1990). In the review of rough-wall turbulent
boundary layers by Raupach et al.(1991) the effect of the roughness on the mean velocity
is reported, considering wind tunnel experiments over rough surfaces as well as natural
vegetated surfaces in the atmosphere.

2. Experimental Conditions

The experiments were performed in the low-turbulence wind tunnel of the
Laboratory of Turbulence Mechanics of the Mechanical Engineering Department of
COPPE/UFRJ. The tunnel is an open circuit wind tunnel with 0.15% of turbulence
intensity, with an working section 0.3m wide, 0.3m high, and 2m long. A 3:1 contraction
section feeds the working section, which has an ajustable roof, to permit the control of
the longitudinal pressure gradient.

To avoid any undesirable adverse pressure gradient, the first (or last) roughness
element was always depressed below the smooth surface, its crest being aligned with
the smooth surface. The roughn surface configurations are described below. In Case I,
two 1.0 m long aluminium sheets were used to provide a long uniform smooth surface. In
Case I, the 1.0 m long downstream smooth surface was placed following an aluminium
sheet consisting of transversally grooved surfaces with rectangular slats of dimensions
3mm high, 12mm wide, and pitch of 2dmm. In Case III, the converse to Case II was
realized; the upstream sheet was now smooth, followed by a rough sheet. Case IV was
configured by two 1.0 m long aluminium rough sheets, resulting in a uniform rough
surface. The present roughness elements characterize a roughness of the type k with
w = 3k, where w is the cavity width. This geometry is slightly different from those of
Perry and Joubert(1963), Perry et al.(1969), Antonia and Luxton(1971), Antonia and
Luxton(1972) and Bandyopadhyay(1987).

The roof of the wind tunnel was carefully adjusted to assure a constant pressure.
The mean velocity at the center-line of the working section was close to 5.5m/s in
all cases, and the measurements were made at distances 0.2m, 0.4m, 0.6m, 0.8m, 1m,
1.05m, 1.1m, 1.16m, 1.2m, 1.3m, 1.4m, 1.6m and 1.8m from the beggining of the working
section.

The mean velocity profiles were obtained using a Pitot static probe and a Mensor
Pressure Gauge. The mean velocity was also measured with a boundary layer hot-wire
operated by a linealized constant temperature anemometer.
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Mean velocity profiles and turbulence intensity levels were obtained using a DAN-
TEC hot-wire system series 56N. The boundary layer probe was of the type 55P15. The
mean velocity data had a precision of 0.6%.

A detailed description of the experimental set up can de found in Avelino et

al.(1998).

3. Two Types of Roughness

Nikuradse(1933) investigated the effects of sand-roughened surfaces on the mean
velocity profile in pipes, and found that, at high Reynolds number, the near wall flow
becomes independent of viscosity, and is a function of the roughness scale, K, of the
pipe diameter, D, as well as of Reynolds number, R. From dimensional arguments and
comparison with Prandtl’s law of the wall, Nikuradse described the velocity profile in
the region near the wall as

1 y Ku,
=—-Iln=+8B
Uy k + [ v ] (1)
where u, is the friction velocity, & is the von K4rmén constant(=0.41), and B is a

function of the surface roughness.
Equation (1) was written in an alternative form by Clauser(1954), who cast it as

ol y“’+A—éE[KuT]- (2)
u k v Uy v
Hama(1954) showed that
Au
_121— = - 1 — 4 C, (3)

which immediately shows that equations (1) and (2) are just the same but written in a
different form.

Flows that follow the behaviour set by equations (1) to (3) are said to occur over
surfaces of the type “K". Flows, on the other hand, which are apparently insensitive
to the characteristic scale K, but depend on other global scale of the low are termed
flows over surfaces of the “D” type. In the latter case, the roughness is geometrically
characterized by a surface with a series of closely spaced grooves within which the flow
generates stable vortical configurations. To describe the part of the velocity profile that
deviates from the logarithmic law in the defect region, we consider that, in the flow
region above the rough elements, the mean motion is independent of the characteristic
scales associated with the near wall flow. Thus equation (2) may be re-written as

—=rmTTa- - (4)

Uy v Uy

u 1. yur Au [Du.,]

In principle, there is no physical reason why the functions appearing in equations
(2) and (4) should have the same form. In fact, the distinct length scales used in the
representation of the “K” and “D” type rough wall flows may suggest that a single
framework for the description of both types of roughness cannot be devised. However,
Moore(1951) showed that a similarity law can be written in a universal form provided
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the origin for measuring the velocity profile is set some distance below the crest of the

roughness elements.
Writing an expression in a more general form, valid for both types of roughness

_u_=1m(yr+f)ur+A_§£‘ ()
Ur k v u,
where,
1
Qv _ly e e (6)
uy k v

and C;,i = K, D; is a constant characteristic of the roughness.

Having worked out an expression for the representation of the velocity profile in
the near wall region (expression (5)), let us now argue about its domain of validity and
how it relates to the classical asymptotic structure of the turbulent boundary layer.

From an asymptotic point of view, one the important factors in the determination of
the flow structure is the correct assessment of the order of magnitude of the fluctuating
quantities. For the velocity field, a classical result is that, for flow over a smooth
surface, both the longitudinal and the transversal velocity fluctuation components scale
with the friction velocity, u,. The direct implication of this result is that the fully
turbulent region is limited by the scales (u2/U2 )L and v /u,.

All these arguments can easily be formalized through application of the single limit
concept of Kaplun(1967). Indeed, an application of the theory of Kaplun (Silva Freire
and Hirata(1990)) to the equations of motion, shows that the flow structure consists of
two distinct regions determined by specific regions of validity obtained through passage
of the single limiting process. The domains defined by the limits quoted above are just
the overlap domains of the inner and the outer regions.

For flows over rough surfaces, we have seen that the lower bound of the overlap
regions must change, being now a function of the surface geometry. Indeed, in this
situation, the viscosity becomes irrelevant for the determination of the inner wall scale
because the stress is transmitted by pressure forces in the wakes formed by the crests
of the roughness elements. We have also seen that the characteristic length scale for
the near wall region must be the displacement in origin. It is also clear that, in either
case, roughness of the type “K” or roughness of the type “D”, the roughness elements
penetrate well into the fully turbulent region so that the new origin for the velocity
profile will always be located in the overlap fully turbulent region. Therefore, concerning
the x-¢ model, it appears that an adequate description of the flow can be given provided
the wall boundary condition is written according with equation (5).

4. The Numerical Scheme

The present theory was numerically implemented through the computer code
CAST (Computer Aided Simulation of Turbulence, Peric and Scheuerer(1989)). This
program has the same structure of other existing fluid flow prediction schemes such
as TEAM and TEACH. It is thus a conservative finite-volume method in primitive
variables. Differences from those codes arise in the co-located variable arrangement, the
discretization scheme, the solution algorithms for the linear equation systems resulting
form the discretization, and in the pressure coupling which is adopted to the co-located
variable storage
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For turbulent flow, the code solves the Reynolds averaged Navier-Stokes equations
in connection with the x—e differential turbulence model of Launder and Spalding(1974).
The five empirical constants appearing in the code take on the standard values. Since
CAST uses the wall function method for specification of the boundary conditions at
the wall, an extension of the program to our case of interest was a relatively straight-
forward affair. Changes were basically made in the momentum and energy balances
at the adjacent to the wall control volumes. Here, we will spare the reader the main
implementation details. We just point out that the concept of a turbulent Prandtl
number was used.

In all flow simulations, the major modification in the code relied entirely on the
manner in which the boundary condition was implemented. The concept of displacement
in origin was incorporated to the original code, with a carefully chosen expression for
its description. We will discuss that in more detail next.

5. The Displacement in Origin

The determination of the displacement in origin, ¢, is crucial for the evaluation of
the properties of the flow over a rough surface, including all local and global parameters
such as the skin-friction coefficient. All graphical methods for its determination,
however, assume the existence of a logarithmic region, which may not occur near to
a step change in roughness.

An initial estimate of ¢ can be made based on the physics of the problem. For rough
surfaces of the k-type, the type of surface studied here, the ratio ¢/k — 1.0 according
to the relation (Bandyopadhyay, 1887}

e = const. ™, m = 0.72. (6)

The asymptotic value of ¢ was observed by this author to be reached at a distance
of about 1000k downstream of the point of surface change.

Here, the values of ¢ were calculated according to the method of Perry and Jou-
bert(1963). Systematically adding an arbitrary displacement in origin to the original
profiles, the least square method could be applied to the near wall points to search for
the best straight line fit. As mentioned by other authors, this method is extremely
sensitive, as small departures in the true value of ¢ will give large differences in the
calculated values of Cy.

The estimated values of € are shown in Figures 1 and 2 compared with equation (6).
In opposition to the results of Bandyopadhyay(1987), we have found here different values
for the exponent in the power law. For the uniformly rough case we found m = 1.04,
whereas for the smooth-to-rough case we found m = 0.81. In the present experiments,
the asymptotic value of ¢ was reached at about z = 400.

The result is that in the numerical computations the following expressions were
used to represent e:

Case uniformly rough.

€ =0.00124 2™, m = 1.04. ' %
Case smooth to rough.
¢=00118 2™, m =08l _ ()
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Figure 2. Displacement in origin for the uniformly rough case.

383

0.81 ’
Smooth te Rough Case £=00118 x o
S +
g <4 Chart Method ‘
2007 . BestFit P
~———  Bandyopadhyay(1987) - -
15—
/,/’ +
+ L
. ’ __//
10} -
+ - .////
I /'l// //
o5l & /
,// /
00 / NI L i SR R BN B
) 100 200 300 400 500 800 700 800
Figure 1. Displacement in origin for the smooth to rough case.
26 —
+ & +
L L7 +
+ 7
€ +
20~ +
i ++ /
1.04
1) €=000124 X X' /
. /
10~ //
7 Uniformly Rough Case
. _.:/ o= Chart Method
ST e Best Fit
+ Bandyopadhyay(1987)
S S T PR NP+ s S B R RO
800 500 -400 -200 [} 200 400 600 800



6. Mean Velocity Profiles

The computed mean velocity profiles are shown in Figures 3 to 4 in dimensional
coordinates and in a semi-logarithmic form. As expected, both the angular and the
linear coefficients of the straight lines are observed to decrease as the flow progresses.
In Figure 3, the linear regions cease to exist after the change in surface roughness at
z = 0. The most interesting feature of this figure, indeed, is the large distortion in the
velocity profile at z = 0. At this point, no logarithmic behaviour of the velocity profile
can be noted. In fact, at the would be logarithmic region a strong “kink” in velocity can
be seen. In the rough-to-smooth case (not shown here) the level of the velocity curves
were observed to decrease until z = 0; at that point, the velocity started to recover to
its undisturbed conditions, raising the values of the linear coefficients to the values of
the reference uniformly smooth surface curve. Figure 4 displays the flow behaviour for
the uniformly rough surface case.

The two figures just introduced must now be presented in non-dimensional form.
Here, our problems start.

In principle, Clauser’s chart method can be used to evaluate Cy for flows over a
smooth surface. In fact, if the classical formulation for the law of the wall is assumed to
hold and if the von Karman constant, , is really considered constant and equal to 0.41,
then the wall shear stress can be estimated directly from the slopes of the straight lines
defined in mono-logarithmic graphs. With the values of Cy, the value of the additive
“constant”, A, in the law of the wall can then be determined. The resulting A’s are not
constant for some flow conditions but vary with z.

For the flows over rough surfaces, on the other hand, the task of evaluating Cjy
is much more complex for two parameters, the displacement in origin and the rough-
ness function are previously unknown (Perry and Joubert(1963), Perry, Schofield and
Jouber(1969)). If the flow is in a near state of energy equilibrium condition, the chart
method of Clauser can be extended to calculate Cs (Perry and Joubert, 1963). The
difficulties are many. The most serious one is that the value of C; is confirmed only by
the slope of the logarithmic line and not by its position. In some of our experiments,
however, the flow in the vicinity of the point of change in surface roughness is not in
equilibrium condition. Thus, any method which presumes the existence of a logarithmic
region and searches for values of Cy by distorting the measured velocity profile into a
logarithmic curve must be seen with caution.

Due to the uncertainties of the chart method, at least one alternative estimate of
Cy had to be provided; this method was based on the application of the momentum
integral equation .

where 6 is the momentum thickness and H = §,/6. This equation was used considering
the normal stress difference gradients negligible. '

Figures 5 and 6 were prepared with the numerical and the experimental data
in mono-logarithmic form. The agreement provided by the computations was very
reasonable showing that the x-¢ model responses well for the law of the wall formulation
of expression (6).
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7. The Internal Layer

In addition to the velocity profiles, we want to show how the numerical predictions
for the wind-tunnel data can be used to estimate some atmospheric data. To this end,
we will compare de present results with the atmospheric data of Bradley(1968).

In literature, several methods have been proposed to determine §;. Here, two
methods will be used (Antonia and Luxton, 1971). In the first method, §; is inferred
from the position of merging between two consecutive mean velocity profiles. The
resulting points closely coincide with the merging of the turbulence intensity profiles
yelding a physically realistic procedure. In the second method, the velocity profiles are
ploted against y1/2. Under these coordinates, two distinct linear regions appear with
different slope coefficients. The intersection of the two straight lines defines the edge of
the internal layer.

Considering the diffusive character of the growth of the internal layer and a log-
arithmic expression for the mean velocity profile, Panofsky and Dutton(1984) derived
a logarithmic expression for the growth of §;. The resulting numerical values of §; are
shown in Figures 7 and 8 compared with logarithmic and power-law expressions and
the data of Bradley(1968). The physical evidence is that for the rough-to-smooth case
the growth rate is much slower than that observed for the smooth-to-rough case. For
the rough-to-smooth surface, estimates from the “knee” point method and from the
“merge” point method furnished respectively n = 0.41 and 0.43. For the smooth-to-
rough case, we found n = 0.77 and 0.87. In this case, to apply Panofsky and Dutton
equation we replaced zg by e.

Overall the agreement shown by the computations was very good.

8. Conclusion

A comparison of the present numerical computation with the data of Avelino et
al.(1998) and with the data of Bradley(1986) shows that, apparently, the x-¢ model can
be used to provide predictions of wind-tunnel data as well as atmospheric data over
terrains with changing surfaces. Overall, the present data are consistent with the data
of other authors; the values of C , of € and of §; are of the order of the data of Perry and
Joubert(1963), of Perry et al.(1969) and of Antonia and Luxton(1971, 1972). Currently,
the x-¢ model is being put under further escrutiny by the present author in order to
demonstrate its capabilitity of predicting flows over rough surfaces.
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enlightning discussions undertaken during the course of the present work. Prof. P. P.
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Interacao entre Distribuigdo de Fases e Estrutura de Turbuléncia

em Escoamentos Bifdsicos comn Bolhas - Uma Revisao

A. C. R. Castro e Jian Su
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Caixa Postal 68509 - Rio de Janeiro
CEP. 21945-970

1. Introdugao

Escoamentos bifdsicos de liquido-gés tém papel importante nos equipamen-
tos e processos industriais de engenharia nuclear, mecénica, quimica, metalirgica e
petrolifica, tais como trocadores de calor, geradores de vapor, tubulagGes de misturas
bifdsicas de liquido-gds, etc. H4 um interesse especial devido & andlise de seguranga
de reatores refrigerados & dgua leve pressurizada (PWR). Portanto, é de extrema im-
portancia entender fendmenos fisicos em sistemas de escoamentos bifésicos, tais como
regimes de escoamento, distribuigdo de fases e a estrutura do campo de turbuléncia
e prever comportamentos multidimensionais de escoamentos bifdsicos com preciséo.

Os fendmenos multidimensionais em escoamentos bifdsicos sdo os problemas
mais interessantes, desafiantes e dificeis. Infelizmente, devido s complexidades en-
volvidas, pouco progresso tem sido obtido na andlise precisa de escoamento bifasico
multidimensional.

Os escoamentos bifdsicos apresentam varios padrdes de escoamento, tais como
escoamentos com bolhas, escoamentos anulares, etc. Sendo que estes padrdes sao
determinados pelas condigdes da pressdo, da velocidade do escoamento, do fluxo de
calor e da geometria do canal.

O objetivo do presente trabalho é realizar uma revisdo bibliografica dire-
cionada & escoamentos bifdsicos com bolhas na direcdo vertical para cima, veri-
ficando os modelos utilizados na solugéo de tais problemas. Sdo discutidos, na segio 2,
os mecanismos fisicos desta interagéo baseados nos trabalhos experimentais e teéricos.
Na segdo 3, é apresentada a formulagio matemética usualmente utilizada. Os
modelos de turbuléncia sdo apresentados na segéo 4.

2. O Estado da Arte

A maioria dos modelos analiticos sdo desenvolvidos para fendmenos unidi-
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mensionais. Os mais sofisticados destes modelos sdao baseados na formulagido do
modelo de dois-fluidos no qual as equagdes de conservacido de cada fase séo re-
solvidas junto com condi¢Ges apropriadas para o fechamento do problema. O
fechamento de tais sistemas é conseguido por postular leis de transferéncia in-
terfacial e de transferéncia na parede sdlida, que procuram recuperar algumas
fisicas perdidas durante o processo de média temporal/espacial ou estatistica.
A abordagem do modelo de dois-fluidos pode ser estendida a escoamentos mul-
tidimensionais e tem sido adotada em quase todos os cdédigos avangados de

simulagdo (RELAP, TRAC, PHOENICS). Infelizmente, h4 consideraveis incertezas
quanto a prépria formulagio das leis de transferéncia interfacial, principalmente
quanto & distribui¢do de fases e & estrutura de turbuléncia.

As equagbes gerais para escoamentos bifdsicos tém recebido muita atengdo
e tem sido desenvolvidas de virias maneiras. Um desenvolvimento rigoroso de
equagdes de conservagio de média temporal para escoamentos bifasicos tridimensio-
nais, chamado de modelo de dois-fluidos, foi feita por Ishii (1975). Além das tensdes
de Reynolds, essas equagdes de conservagao contém termos novos de transferéncia in-
terfacial resultantes do processo de média. Portanto, antes da solugdo numeérica das
equagdes do modelo de dois-fluidos, é necessario constituir as tensées de Reynolds e
as forgas interfaciais para o fechamento do equacionamento. Os avangos recentes no
assunto foram revistados por Lahey (1990) e Lopez de Bertodano et al. (1994).

Uma teoria para descrever os processos de transferéncia de momento e de calor
em escoamentos bifdsicos com bolhas em canais verticais foi proposta por Sato et al.
(1981). Nesta anélise a tensdo cisalhante turbulenta e o fluxo de calor turbulento sdo
subdivididos em duas componentes, uma devido a turbuléncia inerente do liquido e
a outra devido a turbuléncia adicional causada pela agitagéao das bolhas. E utilizada
a hipétese de que as bolhas de gds podem ser tratadas como meros vazios, isto
é, que nenhuma transferéncia de momento acontece na fase gasosa, assim somente
o conhecimento das propriedades do escoamento na fase liquida é suficiente para
descrever o escoamento.

As tensoes resultantes dos dois tipos de turbuléncia sdo relacionadas as di-
fusividades turbulentas. Os perfis da velocidade do liquido e da fracBo de vazio
séio obtidos experimentalmente. Na regiéo central, distante da parede, os resultados
mostram-se validos através de comparagdo com dados experimentais, no entanto o
mesmo nao ocorre para a regido préxima a parede.

Considerando escoamentos com altos nimeros de Reynolds de modo que o
movimento turbulento plenamente desenvolvido ocorra a uma certa distdncia da
parede enquanto existe uma subcamada viscosa na vizinhanga da mesma, as ex-
pressdes para as difusividades turbulentas séo examinadas de modo que descrevam
todo o campo do escoamento, desde a vizinhanga da parede até a regido central
do canal. Deste modo, conseguem prever teoricamente a distribuigio de velocidade
do liquido e o gradiente de pressdo friccional quando o perfil da fragdo de vazio é
conhecido. '

Utilizando a analogia com escoamento monofésico, a descri¢cdo acima para
transferéncia de momento é aceita para ser estendida a problemas de transferéncia
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de calor. O resultado desta andlise conduz a cdlculos tedricos da distribuigdo de
temperatura do liquido e do coeficiente de transferéncia de calor, mostrando que as
difusividades turbulentas para transferéncia de calor sdo iguais aquelas para trans-
feréncia de momento.

A validade da teoria é testada para ambas as transferéncias, de momento e
de calor, examinando-se a situagao para escoamento turbulento com bolhas plena-
mente desenvolvido em tubo circular, através da comparagio dos resultados com da-
dos experimentais. Destas comparagdes concluem que a teoria para transferéncia de
momento é valida para descrever escoamentos bifdsicos com bolhas. J4 para a trans-
feréncia de calor, observam que a concordancia dos resultados néo é tao boa e supéem
ser devido as dificuldades técnicas de medigdo da temperatura. Assim verificam a
necessidade de outros experimentos para validar a teoria relativa a transferéncia de

calor.

Um dos primeiros trabalhos sobre modelagem de turbuléncia junto com um
modelo multidimensional de dois-fluidos foi publicado por Drew e Lahey (1982) que
aplicam a teoria de comprimento de mistura para analisar a distribuigdo de fases em
escoamentos com bolhas em tubos circulares. Tratam de um escoamento em especial,
que é o escoamento turbulento permanente plenamente desenvolvido de uma mistura
axissimétrica adiabatica de ar-agua. Devido as hipéteses utilizadas, a drea da segao
transversal é naturalmente dividida em trés regiées. Na camada limite na parede,
as tensdes viscosas, as tensdes turbulentas e as forgas flutuantes combinam para
determinar os perfis de vazio e de velocidade. Perto da linha de centro, verificam
que a teoria cléssica do comprimento de mistura superestima o efeito da turbuléncia.
Assim, usam uma teoria modificada do comprimento de mistura para esta regido. No
restante da segdo transversal, a teoria padréao do comprimento de mistura é utilizada.

As solugdes construidas para cada regiao requerem pouca informagao sobre a
estrutura de turbuléncia e predizem propriamente o efeito observado da orientagéo do
escoamento. Eles conseguem simular qualitativamente o efeito de pico de fragao de
vazio préximo a parede em escoamento vertical para cima e a concentragdo de bolhas
no centro do tubo em escoamentos para baixo. Assim, mostram que a turbuléncia
pode ser um mecanismo dominante na distribuigdo de fases lateral.

Célculos mais elaborados foram realizados por Lee et al. (1989) que adaptam
o modelo de duas equagoes k-e para escoamentos com bolhas. Lopez de Bertodano et
al. (1990) estendem esse trabalho para o modelo de tensdes de Reynolds para modelar
o efeito de anisotropia. O modelo das tensées de Reynolds é mais detalhado, pois
substitui as equagdes para a energia cinética turbulenta por um conjunto acoplado de
equagdes diferenciais para as componentes individuais do tensor de Reynolds. Como
consequéncia, a anisotropia é automaticamente prevista. No entanto, encontram
dificuldades computacionais com a baixa velocidade de escoamento. Posteriormente,
um modelo novo de tensdes de Reynolds foi proposto para contornar as dificuldades

(Lopez de Bertodano, 1992).

Serizawa (1974) obteve medidas da distribuigéo lateral de vazio e das flutuacdes
turbulentas do liquido para escoamento para cima com bolhas num tubo vertical.
Alguns dados tipicos sao mostrados na Figura 1. Pode-se ver um pico na parede para
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escoamento com baixos titulos (< z >), enquanto o vazio no centro evolui com o
aumento do titulo, e entdo ocorre slug flow.

YOID FRACTION

o, LOCAL VOID FRACTION

1 1 1
X2
Jg=1.03 mA 00088
2/0 =30 0.0170

'u&&l, Flow

-]
RADIAL POSITION

1.0
r/R

Figura 1 - Distribuigéo radial de vazio (escoamento para cima)

Uma investigacio experimental detalhada do fendmeno de distribuigio de fases
num tubo foi realizada por Wang et al. (1987). Foram utilizadas sondas especiais de
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Figura 2 - Perfis de fragdo de vazio
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um nico elemento cilindrico, e de trés elementos cénicos para medir a distribuigao
lateral de vazio tanto quanto todos os componentes do tensor das tensdes de Reynolds
para ambos os escoamentos, com bolhas subindo e com bolhas descendo. Dados
tipicos sdo mostrados nas Figuras de 2 a 5.
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Figura 3 - Velocidade Axial do Liquido e Flutuagées Turbulentas

Pode ser visto que, como esperado, a distribuigao lateral de vazio é fortemente
influenciada pela dire¢do do escoamento. Também pode ser visto pela Figura 3 que,
para escoamento bifasico, a velocidade média da fase liquida pode ter um méximo fora
da linha de centro para ambos escoamentos, para cima e para baixo. Adicionalmente,
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nota-se que as flutuagdes da velocidade turbulenta bifasica do liquido na diregéo

axial podem estar abaixo daquelas correspondentes a escoamentos monofésicos para
grandes nimeros de Reynolds da fase liquida. Isto implica que para tais condigdes o
mecanismo de supressao de turbuléncia excede os mecanismos de produgéo de tur-
buléncia induzida pelas bolhas. Dados similares foram obtidos por Serizawa (1974).
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Pelas Figuras 4 e 5, é interessante notar algumas medidas tipicas das tensoes
de Reynolds. Vemos na Figura 4 que a estrutura da turbuléncia é anisotrépica para
ambos os escoamentos, monofésico e bifdsico. A Figura 5 mostra as tendéncias das
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tensdes cisalhantes para escoamentos com bolhas para cima e para baixo. Além
disso, pode ser visto que medigdes redundantes usando sondas diferentes (i.e., uma
sonda cénica 3-D e uma sonda cilindrica a 45°) fornecem essencialmente os mesmos
resultados para as vdrias componentes do tensor de Reynolds.

As distribuigdes laterais de vazio recentemente foram resumidas em um mapa
de regimes de escoamentos por Serizawa et al. (1987). Este mapa é mostrado na
Figura 6. Pode ser visto que quando a velocidade superficial da fase liquida (j) é
aumentada, o pico de vazio se afasta da parede. Além disso, quando se aproxima das
condigdes de slug flow, vazio no centro é observado.

Do trabalho de Sekogushi et al. (1974), observa-se que o movimento da bolha
parece estar relacionado com a distorgao da bolha, o local do ponto de injegdo, € o
nmimero de Reynolds do liquido. Significantemente, é verificado que todas as bolhas
esféricas e as bolhas distorcidas maiores que cerca de 3mm de didmetro néo se juntam
perto da parede em escoamentos para cima. Enquanto a influéncia do tamanho da
bolha e da distorgéo na distribuigdo lateral de fase néo é ainda compreendida nos
escoamentos bifdsicos de importéncia prética, assume-se que o tamanho da bolha é
de grande importéancia. Portanto, os modelos que devem ser vilidos para uma grande
variedade de condigdes devem incluir os efeitos do tamanho da bolha.
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Figura 6 - Um modelo simples de padrdes de distribuigao de fase

Lahey (1990) utiliza a hipétese que a turbuléncia é subdividida em duas com-
ponentes, uma devido & turbuléncia inerente do liquido e a outra devida a agitacéo
das bolhas. Aplica o modelo v — € e utiliza a lei da parede como condigdo de con-
torno. Os resultados obtidos apresentam boa concordancia com os dados de Wang
et al. (1987) e de Serizawa et al. (1974). O modelo ainda apresenta a capacidade de
predizer ambos os escoamentos, para cima e para baixo. O mesmo modelo é aplicado
para a andlise de separagao de fases.

Um fenémeno particular de supresséo de turbuléncia em escoamento bifdsico
com bolha foi discutido por Serizawa e Kataoka (1990) baseado em observagdes expe-
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rimentais e em desenvolvimentos tedricos das equagdes de balango da energia turbu-
lenta. Definem neste trabalho o fendmeno de supressdo da turbuléncia como sendo
a redugdo local da turbuléncia no escoamento bifasico. Concluem que a energia tur-
bulenta local da fase liquida pode ser transformada em uma energia requerida para
manter a estrutura da superficie e vice-versa. Esta energia relaciona a dissipacdo de
energia turbulenta com o processo de fragmentagao dos turbilhdes.

O efeito de bolhas no campo de turbuléncia é muito importante devido a in-
teragdo entre a distribui¢do de bolhas e o campo de turbuléncia. Lance e Bataille
(1991), que mediram a turbuléncia gerada por grades em escoamento bifésico, obser-
varam que a energia cinética da turbuléncia monofésica gerada por grades e a tur-
buléncia induzida por bolhas podem ser linearmente sobrepostas para as condigbes
experimentais realizadas. Theofanous e Sullivan (1982) fizeram a mesma observagao
para a medida no centro de um tubo a baixa vazéo de liquido. No entanto, Serizawa et
al. (1986) e Wang et al. (1987), que mediram as tensdes de Reynolds e a distribui¢ao
de fases em escoamentos com bolhas em tubos, tem observado que & alta velocidade
da fase lquida, o nivel de turbuléncia na regido central do tubo pode ser mais baixo
do que em escoamentos monofdsicos, isto é, foi observada a supressao da turbuléncia.
Lopez de Bertodano (1992) obteve dados de turbuléncia e de distribuigdo de fases
para um duto triangular para demonstrar melhor capacidades multidimensionais do
modelo de dois-fluidos.

Um outro aspecto crucial em simulagdo numérica usando modelo de dois flu-
idos sdo as forgas interfaciais. A forga de arrasto em bolhas tem sido amplamente
investigada. Outras como a for¢a de massa virtual e a for¢a de sustentagio podem
ser deduzidas a partir de principios bésicos para escoamentos néo viscosos (Drew e
Lahey, 1987, 1990). Em particular, a for¢a de sustentagiio ou qualquer outra forga
que atua em direcéo lateral é muito importante para analisar a distribuigdo de fases.
O comportamento destas forgas em escoamentos viscosos turbulentos ainda nio é
bem entendido.

3. Formulacao Matematica para Escoamento Bifdsico Médio

A distribuicéo radial da velocidade média da fase liquida pode ser prevista
através da solugdo das equacdes de conservag@io bésicas do escoamento bifésico.
Para escoamento bifdsico, permanente, adiabdtico, incompressivel, plenamente de-
senvolvido de gds-liquido se movendo verticalmente para cima, as equagdes de con-
servagdo de massa e momento de ambas as fases podem ser dadas por:

Dy _
Eek+ekv~uk =0, (k=1L,G)

Dug —
Pk = VerolTe +15°) + prg + My, (k=1L,G) '

onde, desprezando as tensdes viscosas, o tensor de tensdes para a fase k é dado por

Tr+ 50 = —pil — prujul, (k=1L,G)
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A relagdo de salto interfacial, desprezando a tensao superficial, é
Mg=~M; =M.

As forgas interfaciais podem ser decompostas em forga de arrasto (M%) e outras
forgas (M™4) (Lahey, 1990),
M =M+ M

J4 que o interesse aqui é no regime de escoamento com bolhas, a forga de arrasto
interfacial é dada por:

a_ 1 o
M® = gﬂLCD!uG — uLI(uG — UL)Ai,
onde A; é a drea interfacial e Cp o coeficiente de arrasto. Para escoamentos com
bolhas, tendo somente um tamanho de bolha, este parametro é dado por:
_ 6a

T = )

Dy
onde Dy é o didmetro da bolha.

Para resolver a formulagdo mateméatica de modelo de dois-fluidos, é necessério
constituir as forgas interfaciais e o tensor de tensdes de Reynolds, para escoamentos
turbulentos com bolhas. Alguns modelos de turbuléncia propostos para o fechamento
de tensGes de Reynolds em escoamentos bifdsicos serdo apresentados a seguir.

4. Modelos de Turbuléncia

4.1 Modelo Algébrico

Kataoka e Serizawa (1993) em seu trabalho desenvolvem uma correlagao teérica
do coeficiente de dispersdo das bolhas baseados na hipétese de que a difusdo das
bolhas é devida &s colisdes entre bolhas e turbilhdes liquidos turbulentos, os quais
tém tamanhos compardveis ao tamanho da bolha. Essa correlagdo concorda com
dados experimentais e ¢ dada por:

1
D = =dyv]
3 Y]

onde D, dy e v] denotam o coeficiente de dispersdo das bolhas, o didmetro da bolha
e a velocidade turbulenta do liquido, respectivamente.

Acompanhando tal difus@o da bolha esté o transporte da fase liquida na diregao
radial. Como resultado, a tensdo turbulenta sobre a fase liquida é induzida pelo
movimento ‘da bolha. Baseados neste mecanismo, desenvolveram uma correlagao
para a difusividade turbulenta da fase liquida induzida pelas bolhas, a qual é dada
por:

1
€y = —adyv)
b 3 bY
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A tensdo turbulenta na fase liquida é composta da tensdo induzida pelas bolhas
e da tensdo turbulenta, a qual ¢ intrinsica da fase liquida (turbuléncia da parede).

Como um modelo mais simples, assumiram que a tensdo turbulenta intrisica
& fase lfquida é a mesma do escoamento monofésico. Assumiram, ainda, que a difu-
sividade turbulenta do escoamento bifdsico, em¢p, é simplesmente dada pela soma da
difusividade turbulenta induzida pelas bolhas e da difusividade turbulenta intrisica
da fase liquida.

€mtp = €gp + €
/
E..,p = lspvl

onde ¢,, é a difusividade turbulenta e l,, é o comprimento de mistura do escoamento
monofésico.

Baseados nas equagdes acima, ddo a difusividade turbulenta do liquido como

sendo )
Emtp = [lnp + (3) de] U;

Essa equagdo indica que o comprimento de mistura no escoamento bifésico, l¢p, é
dado por:
1
lep = lgp + (g)adb

Baseando-se na difusividade turbulenta e no comprimento de mistura desen-
volvidos anteriormente, previram a distribuicdo radial da velocidade média da fase
liquida através das equacdes bésicas de conservagao do escoamento bifédsico. Para es-
coamento bifdsico permanente desenvolvido de gds-liquido se movendo verticalmente

para cima, as equagdes de conservagdo de massa e momento de ambas as fases sdo
dadas por:

%(aka) =0 (k =g,1)

Py 1 &
dz R —ydy

(R — y)akTk] + arprg + M,? =0

onde oy ¢ a fragdo de vazio e M,CD é a forga de arrasto interfacial, as quais satisfazem
as seguintes relacoes:

agtoa=1
MP+MP =0
Assumem que os gradientes de pressdo de ambas as fases sdo iguais, isto €,

aP, _ 8P,
9z 0Oz

e que o momento da fase gasosa é desprezivel comparada com o da fase liquida.
Baseados nestas hipdteses reduzem as equagdes de conservagio em uma equagio
diferencial ordindria para a velocidade da fase liquida, tendo a fragdo de vazio o
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e a tensdo turbulenta cisalhante 7, como pardmetros. Deste modo, as equagoes de
conservagao sdo dadas como:

0
2 avy) =
9z (@Vi) =0
P 1 8 b
% TR —v5y (R—y)an]+apg+ M =0

Com as seguintes condigdes de contorno:

Vi=0 y=20
oV

———:0 =
8y y=~

Utilizando analogia com escoamento monofdsico e baseando-se na correlagio
da difusividade turbulenta do liquido, €m¢,, a tensdio turbulenta cisalhante é dada

por:
1 oV,
1 =Cp [l,p + (g)ﬂdb] Ui—‘ay

onde Cop é um coeficiente de amortecimento da difuséo turbulenta, {,, é 0 comprimento
de mistura e vy é a velocidade friccional do liquido. Cq e Iy, sdo dados por:

vy
Co=1-— =
0 emp<26ul>

lsp = 0,4y

Deste modo a tenséo cisalhante turbulenta no escoamento com bolhas é dada
pela equagdo abaixo:
vy
dy

ovy, 1
TL = CofmtpTy' = CO{lsp + (E)adb}vlld

Verificam que a aplicabilidade da equagdo acima é limitada ao caso de es-
coamento de liquido relativamente baixo, isto é, de aproximadamente 1 m/s. As
distribuigdes radiais da fragdo de vazio e da velocidade turbulenta utilizadas sdo
dadas por valores experimentais.

4.2 Modelo de Uma Equacao

Kataoka e Serizawa (1993) obtém a distribuigdo radial das velocidades tur-
bulentas da fase liquida em escoamento turbulento permanente e desenvolvido com
bolhas baseando-se na equagdo de conservagdo bésica da velocidade turbulenta e
usando as correlagdes da difusidade turbulenta e do comprimento de mistura do
liquido.
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Os autores desenvolvem uma equagdo de conservagéo simplificada da energia
cinética turbulenta da fase liquida, k = v;2, para escoamento permanente e desen-
volvido, a qual é dada por:

2
1 9 v Bk v
Zlr-p1-a)=- &y, | — Vi Lp(1 - o) ==
R—yav[(R o) a)<2 +ﬂ2\/—"’)61/}+ﬂ1 ok a)(3y>
’\‘.3
_71(]—0)—-—————(\/-) +K1~§—-0C’DU%=O
llp 4db

onde Ur é a velocidade terminal de uma itinica bolha e Cp é o coeficiente de

arrasto de uma bolha. Nesta equagao, o primeiro, segundo e terceiro termos represen-
tam difuséo, geragao e dissipagao de turbuléncia, respectivamente. O 1dltimo termo
representa o termo fonte de turbuléncia devido ao movimento da bolha, e é chamado
de termo de geragdo de turbuléncia induzida por bolhas. O coeficiente K, reflete os
efeitos de varias simplificagdes e aproximagdes no transporte turbulento na interface
gés-liquido.

Como coeficiente de arrasto das bolhas a correlacao de Ishii e Chawla foi usada,

e é dada por: \
2 9Ap [1+17,67(1 — a)*®
= —d ——— e e e e e .
Op=3dy =3 [ 18,67(1 — a)1®

Para os coeficientes 8, B2, v1 e K, os seguintes valores foram utilizados
B1=04 B2 = 0,15; ~v1 = 0,15; K;=0,05

sendo que para B, B2 e 7; os valores do escoamento turbulento monofésico foram
adotados como uma primeira aproximagao. J4 o valor de K foi obtido através de ten-
tativa, tal que a predigdo da distribuigdo da energia cinética turbulenta concordasse
com os dados experimentais.

Fisicamente, as condigdes de contorno mais rigorosas sdo dadas por:

k=10 y=0
ok
5!7»«0 v=R

Contudo, como na regido préxima 4 parede do tubo, hd pouco conhecimento
sobre o comportamento da turbuléncia do escoamento biffsico tanto experimental
quanto teoricamente. Assim, como um primeiro passo, a velocidade turbulenta me-
dida, em y/R = 0,1, no experimento dos autores foi utilizada como a condigio de
contorno na parede no lugar da equagao da condigdo de contorno em y = 0.

A distribuigdo radial da fragio de vazio é obtida experimentalmente. Os resul-
tados obtidos mostram a importancia do termo de geragéo de turbuléncia induzida
por bolhas na determinagdo da estrutura de turbuléncia, principalmente na regido
central do canal.
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4.3 Modelo de Tensoes de Reynolds

Lahey (1990) utiliza o modelo de tensées de Reynolds para analisar a dis-
tribuicdo lateral e a separagio de fases em escoamentos bifasicos. Nesse estudo, as-
sume propriedades constantes, e assim as pressoes das fases séo iguais, pg = pr = p.
O «coeficiente de arrasto Cp utilizado é o proposto por Wallis (1969):

6.3 Dylig — iy
CD = —{13’5 Reb = —
Reg4385 vy
A forca lateral de sustentagdo foi desenvolvida por Drew e Lahey (1987), e é dada
para escoamento axissimétrico em canais por:
du
M™M= —-Crpa(ug — ﬁl‘)—l‘.
dr
Pode ser mostrado que o coeficiente de sustentagdo C para uma unica bolha em
escoamentos nao viscosos é 0.5 e pode ser tdo pequeno quanto 0.01 para escoamentos
muito viscosos. O valor utilizado neste trabalho foi de Cf, = 0.05.

Para os escoamentos bifésicos nos quais o nimero de Reynolds da fase continua
indica condiges laminares, a turbuléncia induzida por bolhas pode ocorrer. Tal
fendmeno nao viscoso pode causar tensoes cisalhantes turbulentas induzidas por bo-
lhas da seguinte forma:

¥ = agp|Cilig — 4L’ + Calic — @n)(ig — L)),

onde:
Ci=— e (Cog= —.

Um modelo 7 — ¢ foi desenvolvido por Launder et al. (1975) para escoamento
monofdsico. O procedimento bésico utilizado foi fazer o produto da equagdo de mo-
mento com a velocidade e tirar a média temporal da equagao da energia mecénica
resultante. Aplicando o, mesmo método para escoamento bifdsico, o conjunto resul-
tante de equagdes para a fase liquida é:

al%(u—n?) = V- cl (@) — @) + ar(P + ¢ — 2 + S4).

onde o tensor P é o tensor de produgao de turbuléncia, ¢ é o tensor deformagao da
pressdo que atua trocando energia cinética entre os varios componentes do tensor de
Reynolds, o pardmetro ¢ é a dissipagio da turbuléncia da fase liquida e S; é um tensor
Unico para escoamentos bifdsicos que representa a fonte de turbuléncia induzida pelas
bolhas.

O tensor de produgdo de turbuléncia é obtido de um rigoroso desenvolvimento
matematico das equacOes das tensdes de Reynolds:

P = —(u]) - [V(i) + V(@)Y
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onde a quantidade no colchetes é duas vezes o tensor de deformagio.

A outra fonte de turbuléncia é devida as préprias bolhas. Uma bolha se
movendo através de um liquido desenvolve um escoamento transiente em torno dela
mesma que induz flutuagdes na fase liquida. As tensdes de Reynolds induzidas por
boihas que ocorrem podem ser aproximadas por:

4
4.0 0
(w'a’) = 0 2 o0 Zalig - aLl?
= 534 G Ll -
0 o0 2

5

2

J4 que o modelo de turbuléncia desenvolvido é néo linear, ele ndo pdde somente
adicionar esta expressdo as tensdes calculadas pelo modelo 7 — e. Ao invés disto, as
introduziu como um termo fonte nas equagoes de r —e. Para efetuar este procedimento
dividiu a equagdo acima por uma apropriada constante temporal que foi escolhida
como,
-1 Dy
' Cilag - aLl

Assim a fonte interfacial de turbuléncia torna-se:

Cilalﬁc - '_‘L|3’
4 Dy

OoOniw O
Qe O O

onde C; = 0.02.

O tensor de deformagao da pressio foi modelado como:

b= _%‘{((W) - IK) - 'y(P - §II3> - 7(5,- - %IS‘,»)},

onde a constante temporal da turbuléncia média e a energia cinética turbulenta séo
dadas, respectivamente, por:

K 1 _—
Ty = Cs?, K = 3 Trace (u'u’)
e os termos associados a produgao da energia cinética turbulenta sdo:
-~ 1 = 1
P = 3 Trace P, S; = 3 Trace S;.

A correlagéo do termo do produto triplo foi dada por:
@TT) = —m ()Y (@),

essa equagdo é uma simplificagio da equaglo de transporte exata de (u'u’u’).

A dissipagdo de turbuléncia foi modelada como:

D -
alB% =V -a (U{VE - (u’e')) + ay(Pe — €c + Sie),
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onde (u'¢’) é o transporte turbulento de dissipagao, P, é a produgdo de dissipagao
e ¢ 6 o termo fonte de dissipacdo. Os modelos de fechamento utilizados para estes
termos foram:

—_— € —— €

(ulel) = CE—'(ulul) - Ve, Pe=Ca 15,

x|

2
€ €
€e = Cc2‘k‘. Sie = Ceay(“si.

As constantes utilizadas no modelo 7 —e bifdsico assumem os conhecidos valores
do escoamento monofésico:

v = 0.6, Cs =0.25, Cy =15,
Ce = 0.15, Ce1 = 1.44, Ce2 = 1.92, Ce3 = 1.92.
As condigbes de contorno na parede, que sdo uma parte essencial deste modelo,
sdo dadas por velocidades normais nulas e velocidades tangenciais dadas pela 'lei da
parede’. As condicdes de contorno para as equagdes de 7 — € s@o:

(W) = Cul,

onde, para escoamentos axissimétricos em canais,

51 0 10
c=|0 23 0
10 0 1.0

Para a dissipagdo na parede foi utilizada:

lu, .
L)
ky

onde, k é a constante de von Karman (k = 0.435).

Conclusao

Neste trabalho, foi feita uma revisao sobre os trabalhos que tratam da dis-
tribuigio de fases e da estrutura da turbuléncia em escoamentos bifdsicos com bolhas.
Foi visto que um dos mais importantes e dificeis aspectos do escoamento bifdsico com
bolhas é a relagéo entre o mecanismo de distribuigao lateral de fase, a estrutura de
turbuléncia e a estrutura inj:erfacial, que sd0 muito sensiveis ao tamanho da bolha e
as formas de distribuigao. E esta relagio que descreve o campo local do escoamento
em termos de interagdes muito complexas entre estas trés estruturas. A fim de mi-
nimizar a complexidade do problema, os efeitos da estrutura interfacial sdo ignorados
na determinagéo da distribuicao de fase multidimensional, nos trabalhos analisados.
Porém, como pode ser visto na Figura 7, a estrutura interfacial produz uma forga
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de arrasto que aumenta a turbuléncia induzida pelas bolhas, modificando o campo
de turbuléncia que tem papel fundamental na determinagéo da distribuigdo de fase.
Deste modo, verifica-se que mais pesquisas tedricas e experimentais sdo necessérias
para se chegar ao completo entendimento do fenémeno de distribuicdo de fase no
escoamento bifdsico com bolhas.

Taxa de Escoamento do
Liquido e Taxa de Injetor de Bolhas Propriedades Fisicas
Escoamento do Gds

I
Natureza Estatistica das

Bolhas na Injegc&o

Geometria do Escoamento -—-—-——-‘
Coalescéncia e Quebra Palirao de Escoamento
da Bolha
Natureza Estatistica das‘

Bolhas na Se¢lo f—. Distribuigio Espacial
Transversal de interesse das Fases

Estrutura Interfacial
Estrutura de Turbuldncla Produglic de Energia
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Fragmentag#o de Turbilhio

#1 Campo de Turbuldncla |e» Distribuigio de Fase ~4 Configuragéo Interfacial |+

! i

ldm Transporte de Momento Concetraglio de
Perfis de Veloc
Migraglo|/de Bolhas Area Interfacial

y

Veiocldade Relati
Turbuléncia Induzida eclativa Forga de Arrasto

por Bolhas

Figura 7 - Apresentagio fisica do escoamento de gés-liquido
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Abstract
E desenvolvido um estudo comparativo de modelagem de camada limite compressivel turbulenta através de
modelo de turbulénica algébrico de Cebeci-Smithe ¢ do modelo de duaas equagdes de Chien. As cquagdes
diferenciais de camada limite compressivel e de transporte para as quantidades turbulentas so resolvidoas
através do método de diferengas finitas, com esquema totalmente implicito ¢ malha numérica adaptativa,
num processo de marcha ao longo do escoamento principal. Simuloun-se escoamento com gradiente!de
pressao nulo, favoravel e adverso. Os resultados computacionais foram comparados com dados experi-
mentais bem cstabelecidas na literatura. Pelo estudo comparativo, conclui-se que os dois modelos de tur-
buléncia predizem o escoamento com gradiente de pressao nulo; o modelo de Chien apresenta melhores re-
sultados para gradicnte de presséio favoravel enquanto o de Cebeci-Smith para gradiente de pressao adverso.
Palavras-chave

Camada Limite, Escoamento Compressivel, Escoamento Turbulento, Modelo de Turbuiéncia, Método de
Diferengas Finitas

1 Introdugao

O crescente progresso da industria aerondutica e espacial e o desenvolvimento de foguetes
e misseis tem continuamente estimulado o estudo de camada limite compressivel, a qual
é caracterizada por grandes variacbes de massa especifica e temperatura, resultado de
efeitos de compressibilidade, dissipagdo viscosa e transferéncia de calor com a superficie
s6lida. Essas variagoes por sua vez influenciam propriedades do fluido como viscosidade
e condutibilidade térmica que, diferentemente da camada limite incompressivel, passam a
ser incégnitas do problema, fazendo-se necessério solucionar o problema térmico e com isso
acoplando as equagdes de Navier-Stokes e da conservagao da energia.

No escoamento turbulento o fluxo ou taxa de transporte de quantidade de movimento ¢
calor sao mais elevadas que em camada limite laminar devido aos mecanismos de transporte
associados com flutuagdes aleatdrias de varidveis como velocidade, temperatura e pressao.

A complexidade do problema de camada limite compressivel turbulenta est4 longe de ser
um assunto esclarecido, principalmente com relagio aos efeitos da compressibilidade e vali-
dagao de modelos de turbuléncia. Revistando o estado da arte em escoamento compressivel
turbulento, Bradshaw [1] afirma que néo se conhece como a estrutura da turbuléncia é al-
terada pela compressibilidade e que a tnica certeza em modelagem da turbuléncia é que
nenhum dos modelos existentes irdo dar resultados de acuricia satisfatéria para solucionar
todos os escoamentos de interesse da engenharia. Entre as tentativas ao este problema,
Ristorcelli {7] argumenta que a média da flutuagdo da velocidade de Favre pode ser en-
tendida como uma medida dos efeitos da compressibilidade através de vari¢oes na massa
especifica, chegando numa representacéo matematica para aquela varidvel.

Este trabalho tem por objetivo estudar a modelagem de camada limite turbulenta com-
pressivel, realizando um estudo numérico comparativo entre o modelo de turbuléncia al-
gébrico de Cebeci-Smith e o modelo de duas equagdes x —e para baixo nimero de Reynolds
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de Chien, junto com a equagéo algébrica de Ristorcelli [7) para a flutagdo de Favre de veloci-
dade. As equagoes diferenciais parciais sdo resolvidas numericamente usando um método
de diferencas finitas com malha adaptativa. Serdo analisados escoamentos externos com
gradiente de pressdo nulo, favordvel e adverso sobre placa plana e com parede adiabatica,
fazendo-se numa comparagdo dos resultados com dados experimentais disponiveis na liter-
atura.

2 Equacgbes de Governo

As equagoes de governo para camada limite turbulenta compressivel, bidimensional, per-
manente, de um fluido newtoniano sdo esritas na seguinte forma:

% (P71 + 565 (P8 =0 M

% (piia) + a% (piiv) = % [(u + pir) g—ﬂ - % + 5% (/t%?yi) (2)
2 ) ) - £+ 2) o0

+ag§ ug—z%% +?$+2u%ﬁ% 3

onde sao introduzidas a viscosidade turbulenta, a difusividade térmica turbulenta e o
niimero de Prantdl turbulento através das seguintes defini¢oes:

—~ du

— ﬁu"v” — 'U'Ta_y (4)

o ar
— cpp"T" = kTa—y (5)
Prp = SHT (6)

kr
Suponha-se que o fluido satifaca a equagéo de estado de gds ideal:

p=pRT (7)

Em escoamentos de nimero de Prantd] constante entre 0.7 a 1.0, sobre parede adiabética,
a equagao de energiad pode ser substituida pela seguinte relagio entre a temperatura e a

velocidade[4, p. 27): _
T y-1, , a\?
r= it (5] ®

3 Modelos de Turbuléncias

O modelo de Cebeci-Smith [2] é um modelo algébrico de duas regides, com pr sendo
determinado por expressdes diferentes em cada regido.

Na regido interna, préxima ao contorno sélido, conhecida como regido de parede, a
viscosidade turbulenta é determinada pela seguinte expressio:

ou
i = pl2 . —
by = pliig oy 9
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liz = KY ll —el- J+/A’)] (10)
onde x = 0.40 ¢é a constante de von Kdrmdm e A% é definida como:

At =26 [1+J‘1P/‘“]~1/2 (11)
com _ ’ -

Na regiao externa, afastada do contorno sélido, conhecida como regido de esteira, a
viscosidade turbulenta é determinada pela seguinte expresséo:

Hro = 0.0168pﬁ55;Fmeb (13)

A fungao Figey € a fungdo de intermiténcia de Klebanoff, is é a velocidade média no
contorno externo da camada limite e & é a espessura de velocidade. A fungéo de Klebanoff
e a espessura de velocidade sao definidos como:

N o _
Frip, = (1455 (3) &y = ./0 (1 - u——) dy (14)
No cédigo computacional desenvolvido neste trabalho, jir é calculado para as duas
regioes; se pr; < Pry = e = Uy caso contrario M = .

O modelo de Chien (3] é um modelo de duas equagdes para baixo niimero de Reynolds,
onde a viscosidade turbulenta é fungdo de duas varidveis determinadas por equagbes difer-
enciais de transporte; s ou energia cinética turbulenta e € ou dissipagao de energia cinética
turbulenta.

As equagOes de & e de € para camada limite bidimensional sao:

o . _ a_~»ra' pnr\ Ok
g(pnu) + a—-(pnv) = 5y »(/ i+ ———) ——] +

dy
' ou —op _ .
+ (l‘Ta ) 5y we ple+eo) (15)
i} a 0 [/ Iy Oe
5 7o) + 5, (7o) = o (44 T 5;} ;
ou g2
+ Ccl (,“'T By) fz! ezP + pE (16)
A viscosidade turbulenta é definida como:
al ,{2
pr = Cufup— (17)

As fungbes de amortecimento, fi, f2, fu, €0 € E s8o definidas por:

fo=1—0.22¢(Rer/8)’

fu=1-—¢e ~0.0115y*
€0 = 2/L K
Py’
E=—2lE w0
py?
411



As fungdes de amortecimento dependem de y* e do nimero de Reynolds turbulento,
Rer = px?/pe As constantes empiricas de fechamento sdo: C¢y = 1.35, Ceo = 1.80,
C,=009,0,=10e0 =13 _

A média da flutuagao da velocidade de Favre, u”, é modelada através de uma equagéo
algébrica propusta por Ristorcelli [7].

4 Método Numérico

Um esquema completamente implicito, onde aparecem trés incégnitas na discretizagio da
equacdo diferencial, foi empregado. O sistema algébrico de equagdes que surge com a
discretizacdo da equagéo diferencial geral é solucionado usando-se o algoritmo de Thomas
[6, p. 52 - 54]. O conjunto de sistemas algébricos associados a cada equagéo diferencial é
resolvido de forma seqiiencial em cada estagfio da marcha.

A camada limite turbulenta apresenta uma estrutura em duas regides, caracterizada por
dois comprimentos de escala distintos. Estes dois comprimentos de escala séo utilizados
num gerador de malha adaptativa algébrico, que se ajusta automaticamente com as mu-
dangas que ocorrem no dominio fisico durante o processo de marcha, sendo mais eficiente
que um gerador de malha adaptativa diferencial (8, p. 875 - 876).

Como o comprimento de escala na regiao de parede é u/pu,, é razodvel comegar a
discretizacio da camada limite com um espagamento de malha determinado por:

Ay, = TI:I’L— (18)
P,

onde r; é um nimero usado para especificar o espagamento préximo & parede como uma
fracéio do comprimento de escala naquela regiéo.

Afastado da parede, na regido de esteira, um comprimento de escala relevante é a espes-
sura de camada limite de perturbagdo, §, definida pela distancia entre a superficie e o ponto
em que a velocidade é cerca de 99 % da velocidade do escoamento ndo perturbado. Para
progredir do comprimento de escala na regido de parede para o comprimento de escala na
regido de esteira é utilizado um sistema de progresséo geométrica, dado por:

Anjy = KAn; (19)
onde K é a razédo entre dois espagos adjacentes da malha.

A distribuigao dos pontos da malha vai de 7 = 0 até nm.; = ry6, onde ry é usado para
especificar o ponto de discretizagio mais afastado na diregho normal A superficie, cuja
ordenada é nm muiltiplo da espessura de perturbagio da camada limite.

O ntmero total de pontos da malha em cada estagdo da marcha é determinado pelos
dois comprimentos de escala naquela estagfo junto com os trés parametros computacionais,
r,rpe K.

A solugdo comega com uma malha arbitrdria na primeira estacio. A velocidade de
atrito, %, e a espessura de perturbagio da camada limite, §, obtidos com a solugdo da
primeira malha séo utilizados para gerar uma nova malha, de acordo com as Equagées
(5.13) e (5.14). Para resolver as equagbes diferenciais com a nova malha na estagio da
marcha, a solugio da estagio anterior precisa ser interpolada na nova malha. Depois das

solugdes convergirem com a malha adaptada a marcha prossegue a jusante e o processo se
repete.
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5 RESULTADOS

Serdio apresentados resultados numéricos obtidos usando os modelos acima descritos para
trés casos experimentais, de camada limite turbulenta compressivel com gradiente de
pressao nulo, favordvel e adverso, respectivamente. Sao os experimentos selecionados para
a comparagio: o experimento 740218 de Mabey, Meier e Sawer [5] por ser o mais confidvel
[4, p. 74). Das dezoito combinagdes possiveis de nimero de Mach e nimero de Reynolds
oferecidas no experimento foi escolhida a tinica que apresentava dados de perfis de veloci-
dade e temperatura, no caso, M; = 4.5 ¢ Res = 2.8x107. O escoamento escolhido para ser
simulado foi o experimento 7401 de Thomas [5] por apresentar resultados para gradiente
de pressao favordvel e adverso, perfis bem detalthados e gradiente de presséo linear [5, p.
7401 A.1 ~ A.2]. O nimero de Mach varia entre 2.57 a 3.24 com gradiente de pressdo
favordvel e entre 2.52 e 2.21 com gradiente de pressdo adverso e o mimero de Reynolds
estd situado na faixa entre 2.5 x 107 e 4.0 x 107,

Os resultados para o coeficiente de atrito para camada limite turbulenta compressivel
com gradiente de pressdo nulo, favordvel e adverso sdo apresentados nas figuras 1 a 3,
respectivamente, junto com os dados experimentais. Observamos que os dois modelos ap-
resentam bons resultados para o caso de escoamento sem gradiente de presséo, os resultados
para o modelo & — ¢ para baixo nimero de Reynolds foram superiores ao modelo algébrico,
enquantio os resultados para o modelo algébrico foram superiores a0 modelo K — € para
baixo nimero de Reynolds.

As Figuras 4 e 5 apresentam os perfis de velocidade para escoamento com gradiente de
pressao favoréavel e adverso. Observamos que os resultados obtidos usando os dois modelos
apresentam excelentes concordancia com o dados experimentais no caso de escoamento de
gradiente de pressdo favoravel e o de algébrico ligeiramente melhor no caso de gradiente
de pressdo adverso.

A Figura 6 apresenta os perfis de temperatura. Observamos novamente boas concordan-
cias entre os resultados numeéricos e os experimentais.

6 CONCLUSOES

Investigamos o comportamento do modelo algébrico de Cebeci-Smith e do modelo k — ¢
de Chien em camada limite turbulenta compressivel sem e com gradiente de pressdo. No
equacionamento de camada limite e da equagdo da energia cinética turbulenta foram con-
siderados termos em que aparecem médias da flutuagao da velocidade de Favre ao longo do
escoamento w” que segundo Ristorcelli (7] representam o efeito da compressibilidade sobre
o escoamento. O cddigo numérico proposto com método das diferengas finitas e malha
adaptativa mostra-se uma ferramenta eficiente na simulagio de camada limite turbulenta
compressivel. O modelo algébrico de Cebeci-Smith e o modelo x — ¢ para baixo niimero
de Reynolds de Chien mostraram, de modo geral, desempenho satisfatério na simulagéo
de camada limite turbulenta compressivel, embora cada modelo tenha as suas peculiari-
dades. No escoamento sem gradiente de pressdo os dois modelos apresentam excelente
desempenho. O modelo k — £ apresenta desempenho superior em gradiente de pressao
favordvel, ja o modelo algébrico mostra-se superior em gradiente de pressdo adverso. O
perfil de velocidade gerado pelo modelo k — ¢ apresenta caracteristica mais turbulenta que
o gerado pelo modelo algébrico, ou seja, um gradiente de velocidade mais acentuado nas
proximidades da superficie sélida.

Agradecimento. J.S. agradece o CNPq e a FAPERJ pelos apoios financeiros concedidos
durante a realizacao deste trabalho.
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